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Abstract

Mechanisms for core formation in differentiated bodies in the early solar system are poorly
constrained. At temperatures below those required to extensively melt planetesimals, core
formation could have proceeded via percolation of metallic liquids. Although there is some
geochemical data to support such ‘low-temperature’ segregation, experimental studies
and simulations suggest that percolation-driven segregation might have only contributed
to core formation in a proportion of fully-differentiated bodies. Here, the effects low-tem-
perature core-formation on elemental compositions of planetesimal cores and mantles are
explored. Immiscibility of Fe-rich and FeS-rich liquids will occur in all core-formation
models, including those involving large fraction silicate melting. Light element content
of cores (Si, O, C, P, S) depends on conditions under which Fe-rich and FeS-rich liquids
segregated, especially pressure and oxygen fugacity. The S contents of FeS-rich liquids
significantly exceed eutectic compositions in Fe-Ni—S systems and cannot be reconciled
with S-contents of parent bodies to magmatic iron meteorites. Furthermore, there is lim-
ited data on trace element partitioning between FeS-rich and Fe-rich phases, and solid/melt
partitioning models cannot be readily applied to FeS-rich liquids. Interaction of metallic
liquids with minor phases stable up to low fraction silicate melting could provide a means
for determining the extent of silicate melting prior to initiation of core-formation. How-
ever, element partitioning in most core-formation models remains poorly constrained, and
it is likely that conditions under which segregation of metallic liquid occurred, especially
oxygen fugacity and pressure, had as significant a control on planetesimal composition as
segregation mechanisms and extent of silicate melting.
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1 Introduction

Differentiation within asteroids was a fundamental process in the early solar system. The
meteoritic record provides evidence for a diverse range of differentiation processes within
parent bodies, arising from differences in bulk composition of bodies, concentrations of
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heat-producing radioisotopes, timing of the onset of accretion, growth rates, size and oxy-
gen fugacity (McCoy et al. 2006b; Kruijer et al. 2017). Core formation represents a group
of large-scale differentiation processes involving efficient segregation of metal and forma-
tion Fe-rich cores and silicate mantles and crusts. Metal-silicate segregation in small bod-
ies likely occurred very early in solar system history, and was protracted and episodic in
rocky planets such as Earth (Jones and Drake 1986; Righter and Drake 1996; Kleine et al.
2002; Righter 2003; Wood et al. 2006; Kleine and Wadhwa 2017; Rushmer et al. 2000).
The dominant process of core formation in planets was likely segregation of liquid metal
from substantive silicate magma oceans (e.g. Righter and Drake 1996; Wood et al. 2006 ;
Wood 2008; Brennan et al. 2020), although accretion of pre-differentiated bodies may have
had a lasting legacy on the composition of planet mantles and cores (Rudge et al. 2010).
However, although thermal models of planetesimal evolution provide insight into why only
a portion retained sufficient heat to form Fe-rich cores, a complete understanding of the
mechanisms of core formation in small bodies remains elusive.

Segregation of metallic, ‘core-forming’ liquids from a silicate magma ocean requires
high temperatures to extensively melt interiors of rocky bodies. Although there is some
geochemical evidence for widespread silicate melting on asteroids (e.g. Greenwood et al.
2005), lower-temperature core-formation models, or at least localised segregation of Fe-
rich liquids from largely solid silicate via percolation, have also been proposed or invoked
by various authors (e.g. Yoshino et al. 2003; McCoy et al. 2006b; Terasaki et al. 2008;
Scheinberg et al. 2015; Berg et al. 2018; Dhaliwal et al. 2019; Lichtenberg et al. 2019;
Neri et al. 2019). Under conditions of the interiors of planetesimals and large asteroids,
FeS-rich liquids would be produced at temperatures significantly below the silicate soli-
dus (Rushmer et al. 2000). This implies that during the thermal evolution of small bodies
in the early solar system, there would be a continuum from the onset of metallic melting
and progressive melting of metallic components, to onset of silicate melting, and at much
higher temperatures, large-degree silicate melting. As such, if metallic liquids readily form
interconnected melt networks within a solid silicate matrix, either localised segregation
or large-scale core-formation can initiate at substantially lower temperatures than those
required for segregation in magma ocean models. This would imply a higher fraction of
rocky bodies in the early solar system retained sufficient heat during accretion to initiate
core-formation, and might also imply a two-phase process of first low, and then high tem-
perature core formation in bodies which later underwent large-fraction silicate melting.

Efficient low-temperature segregation of metallic liquids has implications for the ther-
mal and geochemical evolution of rocky bodies in the early solar system, for both plan-
etesimals and the larger rocky planets to which they may have accreted. However, evidence
for segregation via percolation remains contentious. Here, the effects of low-temperature
segregation on compositions of metallic and silicic/rocky components of planetesimals are
investigated, using data from a wide range of experimental studies, to determine potential
signatures for, and explore the implications of, percolation-driven core formation. Firstly,
evidence from the meteoritic record for low temperature segregation is briefly summarised,
along with constraints on the composition of core-forming liquids and timing of core-for-
mation. Further constraints on timing of core formation based on models of thermal evolu-
tion are then outlined, and evidence from experimental studies reviewed, both experimental
data on the viability and efficiency of percolation of metallic liquids, and geochemical and
textural observations from partial melting experiments. From this information, different
scenarios for core-formation via percolation, and their implications for the extent of chemi-
cal equilibration between solid and liquid components in differentiating planetesimals, are
summarised. On this basis, data from a broad range of partial melting, element partitioning
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and other experimental studies are then used to explore how elemental compositions of
metallic and silicic/rocky parts of planetesimals would be modified during low temperature
segregation.

2 Geochemical Constraints on Low-Temperature Core-Formation
from the Meteoritic Record

Magmatic iron meteorites and pallasites demonstrate that segregation of metallic, Fe-rich
liquids occurred within a proportion of planetesimals/asteroids. The bulk composition of
differentiated bodies can be assessed with reference to primitive meteorites. Broadly speak-
ing, chondrites are considered representative of the precursor materials for bodies which
were variably processed by large scale differentiation (Righter et al. 2006), including par-
ent bodies for magmatic iron meteorites (Hilton et al. 2022 and references therein). Model
radioisotope ages for magmatic irons imply remarkably short time periods for segregation
in parent bodies, of the order of 1 Myr after the formation of the first solid material in the
solar system, Ca-Al-rich inclusions (CAls) (Kruijer et al. 2014). This is earlier than the age
of many chondrites, implying that segregation was rapid and concurrent with accretion.

Unfortunately, direct evidence from magmatic irons on the nature of core-forming lig-
uids is obscured, as their parent bodies were modified by fractional crystallisation (Chabot
2004). On the basis of highly siderophile element (HSE) modelling, Hilton et al. (2022)
proposed that magmatic irons originated from differentiated planetesimals with core com-
positions ranging from 73 to 86 wt% Fe, 5-19 wt% Ni, 1-19 wt% S and 0.1-3 wt% P.
Modelling also demonstrates a key effect of oxidation state on differentiation, with more
reduced bodies forming Fe-rich, volumetrically larger cores, and more oxidising conditions
resulting in smaller, S-rich cores with lower Fe:Ni ratios (Hilton et al. 2022). Although
modelled S contents in parent bodies are variable, they are always substantially lower than
those of eutectic liquids in the Fe,Ni-FeS system. On this basis it has been suggested that
core segregation must have occurred at temperatures exceeding those of the eutectic, possi-
bly following substantial silicate melting (Rushmer et al. 2000). Similarly, Fe isotope com-
positions of magmatic irons imply crystallisation from ~ 1300 °C (Ni et al. 2020), consist-
ent with higher segregation temperatures.

The S-poor nature of magmatic irons implies that complimentary S-rich components
from parent bodies are unsampled in the meteoritic record (e.g. Ni et al. 2020). Further-
more, the low S-content of most modelled parent bodies similarly suggests that S-rich lig-
uids formed during planetesimal differentiation are ‘missing’. This might indicate that (1)
S-rich metallic liquids did not effectively segregate in parent bodies, or (2) accumulated
S-rich liquids were rehomogenised with Fe-rich (S-poor) liquids, for example by mixing
during latter stages of differentiation. Alternatively, (3) mechanically weaker FeS-rich bod-
ies might simply be very poorly preserved in the meteoritic record compared to S-poor
bodies (McKibbin et al. 2019; Ni et al. 2020), and/or (4) in contrast to Fe,Ni-rich bod-
ies, deep-seated accumulations of S-rich material within parent bodies might simply be
more inaccessible, and unsampled by impact events (Boesenberg et al. 2012). Finally,
(5) Hirschmann et al. (2021) argued for substantial degassing and loss of S from early
planetesimals.

The meteoritic record also provides some evidence for conditions under which mobi-
lisation of Fe-rich, potentially ‘core-forming’ liquids could occur. Although chondrites
likely escaped modification by differentiation processes, they are variably metamorphosed.
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2-pyroxene thermometry for some chondrites implies that temperatures exceeded the
Fe,Ni-FeS eutectic, and whilst there is a lack of evidence for FeS veining and migration,
there is textural evidence for sulfide melting and aggregation (Mare et al. 2014). Primitive
achondrite meteorites provide evidence for migration of both silicate and metallic melts.
Acapulcoites and lodranites may record processes of early metal and low-fraction (<2-7%)
silicate melt loss (Mittlefehldt et al. 1996; Dhaliwal et al. 2019). As noted by Hopp and
Kleine (2021), complex patterns of S-poor and S-rich metallic veins, heterogeneous distri-
bution of FeNi metal, and HSE systematics in several primitive achondrite groups indicate
successive segregation and redistribution of both S-rich and S-free metallic liquids prior
to silicate melting, and a complex series of differentiation processes. Wang et al. (2014)
suggested that ungrouped feldspar-rich achondrites represent products of low-degree sili-
cate melting, with Fe isotope systematics inferred to represent an earlier period of at least
localised FeS-rich liquid accumulation. Day et al. (2019) argued that FeO-rich achondrite
whole rock data, HSE concentrations, and O and Os isotopic data imply parent bodies
formed by melt-rock interaction and as cumulates, requiring extensive Fe-Ni-S melting
and 1-20% silicate melting. McCoy et al. (2006a) noted the presence of metallic veins in
some lodranites, with a subset inferred to represent core segregation in parent bodies which
experienced only minor silicate melting. However, textural evidence is challenging to inter-
pret, and whether this represents a true core-formation process is uncertain (McCoy et al.
2006a). Tomkins et al. (2020) and Tomkins (2009) also caution that comparative studies
of meteoritic samples and modelling small fraction melts remains challenging due to large
inherent variations in meteorite chemistry. They instead suggest that textural evidence in
chondrites and achondrites implies only localised S-poor and S-rich liquid mobilisation,
largely due to shock impacts in parent bodies.

Evidence for large-scale mobilisation of core-forming liquids remains contentious. It is
also possible that (1) the limited number of inferred parent bodies of differentiated meteor-
ites are not strictly representative of larger-scale core-formation processes in the early solar
system and (2) evidence of lower temperature core-formation processes has been obscured
by later differentiation processes. As an added complication, there is growing evidence to
support models where inferred meteorite parents instead represent different parts of large
bodies. Chondrites and achondrites may have coexisited in the same parent, suggesting the
accretion and differentiation were prolonged, possibly involving bodies with undifferenti-
ated outer layers overlying differentiated and extensively molten interiors lids (e.g. Elkins-
Tanton et al. 2011; Lichtenberg et al. 2019; Maurel et al. 2020; Dodds et al. 2021). Further-
more, although it is often assumed that dense core-forming liquids will have sunk to form
metallic cores in broadly concentric parent bodies, it is possible that early stages of core
formation resulted in only localised segregation (Day et al. 2019). Groups of meteorites
could represent different regions a few large, only partly differentiated, multiply-processed
and possible highly heterogeneous parent bodies.

3 Timescales for core-formation Inferred from Thermal Models
of Planetesimal Evolution

Thermal models of planetesimals provide additional insight into timescales for differen-
tiation. Models typically invoke rapid internal radiogenic heating by 2°Al, and to a lesser
degree %°Fe, as the only mechanisms capable of driving differentiation (e.g. Elkins-Tan-
ton et al. 2011; Lichtenberg et al. 2019; Dodds et al. 2021 and references therein). Rapid
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accretion and fast growth allow retention of sufficient heat from radioactive decay to allow
melting and segregation. Larger/earlier-formed/more rapidly accreting planetesimals expe-
rience higher maximum temperatures and a greater degree of internal melting and pro-
cessing, with a gradation to bodies which experience limited heating and do not segre-
gate (Lichtenberg et al. 2021), and/or outer (late accreted) undifferentiated surface regions
of differentiated bodies (Elkins-Tanton et al. 2011). Within bodies which subsequently
undergo substantial silicate melting, thermal models predict a significant time lag, e.g.
0.4-0.6 Myr (Lichtenberg et al. 2021), from the onset of melting of metallic components to
formation of silicate ‘magma mush’.

The cut-off size and accretion rate required to allow silicate melting is model depend-
ent. Elkins-Tanton et al. (2011) suggest that bodies that exceed~ 200 km by 1.5 Myr after
CAI can melt from the interior outwards, resulting in an interior magma ocean underly-
ing a solid, convective, undifferentiated shell. In such models, melting is likely to be both
protracted and highly variable, between and within bodies. Some thermal models assume
that substantial silicate melting is required to effectively initiate core formation, e.g. >20%
silicate melting and the onset of convection (Dodds et al. 2021), some assume that onset of
Fe,Ni-FeS melting is sufficient to initiate percolation-driven segregation (Lichtenberg et al.
2021), whilst others invoke a potential role of early percolation and later metal accumula-
tion due to localised silicate melting (Lichtenberg et al. 2019).

4 Insight from Experimental Studies

Aside from experiments in fully molten systems which aim to simulate core segregation in
silicate magma oceans, experimental studies which provide insight into core segregation at
lower temperatures can largely be divided into: (1) those which constrain the efficiency and
mechanisms of percolation, and (2) studies of melt relations in primitive (e.g. chondritic)
or other model compositions.

4.1 Experimental Studies of Percolation of Core-Forming Melts

For fully interconnected melt networks, Darcy flow calculations indicate that dense core-
forming liquids can rapidly segregate from the solid silicate portion of a planetesimal
(Rushmer et al. 2000). Therefore, the aim of many studies has been to constrain conditions
under which interconnected metallic melt networks form. Studies typically demonstrate
high dihedral angles (> > 60°) for metallic liquids in olivine-dominant systems, with inter-
connected melt networks only forming above a critical melt threshold, estimated to range
from 5 to 17 vol% for Fe-S liquids (e.g. Yoshino et al. 2003; Terasaki et al. 2005; Roberts
et al. 2007; Walte et al. 2007; Bagdassarov et al. 2009a; Ghanbarzadeh et al. 2017). Solf-
erino et al. (2020) argued that sluggish kinetics in olivine-metallic liquid systems explain
much of this discrepancy, with long run duration experiments implying critical melt thresh-
olds of around 14 vol%, consistent with the results of numerical simulations which suggest
values of 10-17 vol% (Ghanbarzadeh et al. 2017). Experimentally determined interfacial
energies support the assertion that segregation is more feasible for S-rich melts used in
most experimental studies, and that dihedral angles and critical thresholds are consid-
erably higher for low S metallic melts (Neri et al. 2019). Terasaki et al. (2008) demon-
strated that solubility of O in FeS-rich liquids results in a marked decrease in dihedral
angles, implying that core-forming liquids can form interconnected melt networks in more
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oxidised planetesimals at very low melt fractions. It has also been suggested that dihedral
angles for Fe-liquids/silicate systems are reduced at pressures corresponding to the Earth’s
lower mantle (Shannon and Agee 1998; Shi et al. 2013), although the extreme conditions
required to promote melt network development via this mechanism limit the importance of
this process to the later stages of accretion of Earth-sized planets.

Additional complexities are the role of non-hydrostatic conditions, concurrent defor-
mation of silicate matrices and the effect of silicate melting. Non-hydrostatic conditions
significantly alter melt geometry, resulting in alignment of melt pockets, incipient melt
network formation, and even the formation of fully interconnected metallic melt networks
in olivine-dominated matrices (Bruhn et al. 2000; Rushmer et al. 2000, 2005; Groebner
and Kohstedt 2006; Hustoft and Kohlstedt 2006; Rushmer and Petford 2011; Walte et al.
2011; Berg et al. 2017). This can mobilise metallic liquids below critical threshold values.
However, high strain rates and high strains from experiments are not easily extrapolated to
natural systems, and it is unclear whether ‘deformation-aided percolation’ of metallic melts
is inhibited at low strain rates or not (Walte et al. 2011; Berg et al. 2017). Onset of silicate
melting will have an additional control on segregation processes, with experimental studies
indicating that the presence of low fraction silicate melt inhibits segregation of metallic lig-
uids (Holzheid et al. 2000; Rushmer and Petford 2011; Cerantola et al. 2015). In contrast,
higher fraction partial melting experiments at ambient pressure appear to suggest that the
onset of silicate melting promotes, rather than inhibits, formation of FeS-rich melt chan-
nels (McCoy et al. 1999). On the basis of experimentally determined interfacial energies,
Neri et al. (2019) also noted that rapid segregation of low fraction silicate melts results in
an effective increase in FeS-rich liquid fractions above critical melt thresholds. As such, in
larger systems, silicate melting and migration can promote segregation of core-forming lig-
uids. At higher temperatures, increasing silicate melt fraction and the transition to a ‘crys-
tal mush’ will eventually allow segregation of metallic melts through a rapid process of
melt immiscibility and gravitational settling.

The efficacy of core-formation by percolation also depends on timescales for segrega-
tion of core-forming liquids. Percolation is an inherently slower process and only a via-
ble mechanism for planetesimal differentiation if it is able to account for core segregation
within, at most, a few Myr. For a fully interconnected melt network based on models of
Ghanbarzadeh et al. (2017) and using a simple Darcy flow type calculation, Solferino et al.
(2020) estimated core segregation in a 100 km radius body in <1 Myr. By contrast, high-
pressure centrifuge experiments by Bagdassarov et al. (2009b) imply that segregation of
Fe-S liquid is an order of magnitude too slow to account for core-formation in planetesi-
mals. Similarly, Todd et al. (2016) estimated core formation in planetesimals exceeding
1-5 Myr timescales based on Fe-S melt permeabilities obtained from high pressure/tem-
perature deformation experiments. In contrast, Berg et al. (2018) directly measured metal-
lic melt segregation velocities in-situ under core-forming conditions in an analogue system.
They noted rapid melt migration due to hydraulic fracturing, and prolonged melt migration
during matrix compaction, as metallic melts migrated through a solid matrix. Data from
that study are consistent with rapid core formation via percolation in planetesimals fol-
lowing development of melt networks. However, aside from conflicting results based on
experimental methodology used, there are limitations in extrapolating results from experi-
mental studies to natural systems. Kinetics in olivine-rich/metallic liquid systems are slug-
gish, and time- and length-scales must be extrapolated over many orders of magnitude.
Melt geometry remains key. If it is assumed that pore alignment and micron-sized melt
channels are only an initial texture in partially molten systems, with segregation resulting
in channelization and formation of melt-rich bands as noted in some studies (e.g. Groebner
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and Kohstedt 2006; Hustoft and Kohlstedt 2006; Berg et al. 2018), percolation can make
a significant contribution to core formation. In other scenarios, the efficacy of percolation
may be limited, with only localised accumulation of FeS-rich liquids.

On balance, it is possible that percolation, or ‘non-magma ocean segregation’, could
have contributed to planetesimal differentiation under some circumstances, either as a pri-
mary process, or as a secondary processes in bodies which then undergo ‘greater than low-
fraction’ silicate melting (Watson and Roberts 2011). A key-step in any model of percola-
tion-driven segregation is initial development of a melt network. In most systems metallic
melts will be non-wetting below a critical melt volume threshold, likely to be ~10-14
vol% for S-rich melts, and likely higher from S-poor melts. High O contents in FeS-rich
liquids may significantly enhance network development even at low melt fractions, pro-
moting segregation in more oxidised bodies. Deformation could also enhance development
of metallic melt networks, either locally due to shock impacts and/or during the onset of
melting and hydraulic fracturing (Berg et al. 2017), or in large bodies undergoing vigorous
convection. The temperature interval over which metallic liquids can segregate may also be
limited by the onset of silicate melting, which then inhibits segregation until higher melt
fractions/temperatures are reached. Aside from this, simulations suggest that once melt
networks form, they can effectively drain regions of melt down to melt fractions consider-
ably lower than critical melt fractions needed to initiate segregation of core-forming liquids
(Ghanbarzadeh et al. 2017). However, a secondary process required for larger-scale segre-
gation is concurrent deformation of the silicate matrix. Flow of the solid matrix is required
to accommodate substantial metallic liquid redistribution, and there may be a lower tem-
perature threshold at which the viscosity of the solid portion of a rocky body prevents core
formation over realistic timescales. The complexity of physical processes of melt network
formation, of melt segregation via percolation, of limitations imposed by low degree sili-
cate melting and deformation of silicate matrices, and timescales of melt segregation mean
that we have, at best, limited constraints on the importance of percolation in planetesimal
segregation in the early solar system. An alternative approach to assessing whether perco-
lation contributed to core-formation is clearly required.

4.2 Experimental Studies of Partial Melting in Chondritic Systems

There have been various experimental studies of melting in primitive, broadly chondritic
compositions (Agee 1993; Agee et al. 1995; Jurewicz et al. 1991, 1993, 1995; Ford et al.
2008; Berthet et al. 2009; Usui et al. 2015; Collinet and Grove 2020a, b). However, insight
provided on mechanisms and consequences of core formation is limited because: (1) most
studies focussed on silicate melting, with experiments conducted at higher temperatures
only. The onset and composition of lower temperature metallic liquids, and phase relations
between solid and liquid metallic phases, are less well contained. (2) Some experiments
were conducted in S-free systems and provide limited insight into core formation in plan-
etesimals in which S is an important component. (3) Most experimental work has been
performed at ambient pressure using gas-mixing apparatus. In some studies, this likely
resulted in variable alkali loss and a change in melt relations and compositions, as dis-
cussed in Collinet and Grove (2020a, b). Variable S loss may also have occurred (McCoy
et al. 1999). The effects of even moderate pressure remain less well constrained. (4) Many
studies report limited data on phase composition, sometimes with important omissions
such as O and C in metallic liquids.
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From available experimental work the following can be concluded. As expected, metal-
lic components always melt at substantially lower temperatures than silicate components.
In Fe,Ni-FeS systems a eutectic governs composition of first formed melts, and the S con-
tent of the eutectic linearly decreases with increasing pressure, from 31% S at 1 bar to
20.7% at 7 GPa (Fei et al. 1997 and references therein). The eutectic temperature linearly
decreases with increasing pressure from 988 °C to 1 bar to 860 °C at 14 GPa. For pressures
below 5 GPa, which encompasses conditions within planetesimals and planetary embryos,
this shift in solidus is minor. However, silicate solidii increase significantly with pressure
and there is a substantial region of temperature-time space in progressively heating plan-
etesimals over which metallic liquids are in equilibrium with solid silicate, and then low
fraction silicate melt, especially in larger bodies.

Two immiscible liquid metal alloys coexist from ambient pressure to about 5.5 GPa
in chondritic compositions, one S-rich and one S-poor, termed FeS-rich and Fe-rich here
for clarity. This is not simply a textural effect due to metallic melt migration or unmixing
during quenching, but represents an important immiscibility gap in systems with a free
Fe-rich phase which closes at pressures above ~5-6 GPa (Corgne et al. 2008). In some
studies, additional multiple sulfide phases are noted in run products, especially at lower
temperatures (e.g. McCoy et al. 1997). However, these may partly represent local reaction
between specific crystalline phases and percolating FeS-rich liquid. Corgne et al. (2008)
noted that in fully molten systems, immiscible Fe-rich liquids are C-rich, and FeS liquids
C-poor. Berthet et al. (2009) similarly noted that extent of immiscibility is dependent on
C content in complex systems over a range of temperatures. In many experimental studies
FeS-rich liquids are described as having ‘near-eutectic compositions’, although S contents
are recorded as decreasing in higher temperature experiments, coupled to increasing dis-
solution of S in silicate melts (e.g. McCoy et al. 1999; Berthet et al. 2009). Composition
of FeS-rich and Fe-rich liquids is also dependent on oxygen fugacity, fO,, which can be
described in terms of log units relative to the iron-wiistite (Fe-FeO) solid buffer (IW). At
fO, several log units below IW, reduction of FeO in silicates drives changes in Fe:Ni ratios
in metallic components, and proportions of Fe-rich and FeS-rich liquids (e.g. Berthet et al.
2009; Usui et al. 2015; Collinet and Grove 2020a, b). Very low fO, may also result in
changes in Si and S partitioning between FeS-rich and Fe-rich liquids due to SiO, reduc-
tion and increase in Si content of Fe-rich liquid (Berthet et al. 2009). Other changes in
sulfide melt chemistry at low fO, (log fO, ~IW—4) can be attributed to reduction of silicate
by FeS, resulting in the formation of Ca—, Mg—, Cr—, Mn—, Fe-S bearing liquids. Highly
reducing conditions also change the chemical nature and silicate-metal partitioning of Cr
and Mn (Berthet et al. 2009). In contrast, more oxidising conditions (log fO,=IW > +2)
eventually result in extensive Fe oxidation and preclude the presence of a metallic compo-
nent entirely (Jurewicz et al. 1993).

Although complete melting in Fe,Ni-FeS systems only occurs at very high temperature
(Fei et al. 1997), experimental studies note complete melting of metallic components in
chondritic systems at much lower temperatures (e.g. Jurewicz et al. 1995; McCoy et al.
1999). Onset of melting of Fe-rich components in run products can be difficult to deter-
mine, although textural observations appear to be consistent with complete melting of
metallic components before substantial silicate melting occurs (Ford et al. 2008). Onset of
silicate melting can also be difficult to ascertain, and can be overestimated if volatile loss
occurs. At ambient pressure, Jurewicz et al. (1993) noted onset of silicate melting in a CV3
composition from 1130 to 1150 °C, with ~35% silicate melting at 1325 °C. Jurewicz et al.
(1995) noted, in LL and H chondritic compositions, progressively increasing silicate melt
fractions from 1170 °C, and full silicate melting at 1500 °C. In an H6 composition, Ford
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et al. (2008) noted low fraction silicate melts from 1200 °C. At low confining pressures in
a range of synthetic, S-free chondritic compositions Collinet and Grove (2020a,b) noted
progressively increasing silicate melt fractions from approx. 1060-1163 °C. Bulk compo-
sition has a strong effect on silicate melting, although both silicate solidus and liquidus
temperatures are also dependent on fO,, and can increase by around 30-50 °C under more
reducing conditions (log fO, <IW — 1) (Collinet and Grove 2020a). At extremely reducing
conditions (log fO, <IW —4 and below) at 1 GPa, Berthet et al. (2009) noted that the onset
of silicate melting can be delayed to 1300-1400 °C.

Most partial melting studies demonstrate the dominance of olivine and low-Ca pyroxene
in chondritic systems. Phosphates are rapidly consumed during low degree silicate melt-
ing, followed, with increasing melt fraction, by plagioclase and high Ca-pyroxene, both
major phases in subsolidus chondritic compositions (Jurewicz et al. 1995; Ford et al. 2008;
Berthet et al. 2009; Usui et al. 2015; Lunning et al. 2017). Spinel-group minerals are a
minor phase, and may react with FeS-rich liquid (McCoy et al. 1999), although are stable
to moderate silicate melt fractions in some systems (Jurewicz et al. 1993). Under highly
reducing conditions (log fO,~IW-4), olivine is destabilised, and silicate liquidus assem-
blages are pyroxene+ quartz (Berthet et al. 2009). As noted above, fO, has a direct effect
on Fe oxidation and the FeO content of silicate phases, and as a result, also strongly influ-
ences element partitioning. For example, olivine in more reduced systems is more forst-
eritic (MgO rich), with lower CaO and NiO (Collinet and Grove 2020a, b).

To summarise, studies of partial melting in chondritic systems imply that: (1) substan-
tial to full melting of metallic components occurs at low temperatures; (2) metallic liquids
are immiscible resulting in coexisting FeS-rich and Fe-rich/S-poor liquids; (3) the onset of
silicate melting is variable, but typically occurs at higher temperatures, and that there is a
moderate to very large temperature window over which silicate melt fraction progressively
increases; (4) generally, olivine and orthopyroxene (+ spinel) are the dominate silicate min-
erals during partial melting. Minor phosphates are only stable subsolidus or during very
low fraction melting, and plagioclase and clinopyroxene are consumed during low to mod-
erate fraction melting.

5 Scenarios for Percolation-Driven Metallic Melt Segregation
in Planetesimals

In comparison to planets like the Earth, asteroidal differentiation occurred at much lower
gravity, from 0.03 terrestrial for a <500 km body, over a wide range of log fO,: IW - 1 to
IW +2 for angrites to IW - 5 for aubrites, and under both volatile-rich and volatile-poor
conditions (McCoy et al. 2006b). Core-formation models can be categorised based on
inferred degrees of interaction between solid and liquid silicate and metallic components:

1. Segregation of metallic liquid from a solid silicate matrix (Fig. 1, scenario 1). Before
the onset of silicate melting, Fe,Ni-FeS liquids separate from a crystalline silicate
matrix under certain conditions, e.g. in more oxidised or anion-rich bodies, in vigor-
ously convecting or deforming bodies, and/or in bodies with higher metallic fractions.
Processes range from localised redistribution of FeS-rich liquid to protocore formation,
likely involving segregation of Fe-rich and FeS-rich liquids, and chemical equilibration
between FeS-rich liquid, Fe,Ni-rich solid or liquid, and solid phases within the silicate
portion of bodies. Once initiated, melt networks may be effective in draining core-form-
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Fig. 1 Core formation models. 1 FeS-rich liquid (black) segregates from Fe,Ni-rich solid/liquid (grey)
above the Fe, Ni-FeS eutectic temperature. Under more oxidising conditions, FeS-rich liquid can wet sili-
cate (white) grain boundaries and segregate. Alternatively, core-forming liquids form interconnected melt
networks at high melt fractions (metal-rich or highly reduced bodies), or aided by deformation at variable
melt fractions. 2 Tomkins et al. (2013, 2020) model where impact processes result in heating and segrega-
tion of FeS-rich liquid (black) from metal (grey), and chondrite fracturing (2a) followed by FeS-rich liquid
injection (2b). This results in rapid separation of FeS-rich liquid from solid Fe,Ni metal. Repeated pro-
cesses drive accumulation of solid Fe,Ni metal, which is not in full chemical equilibrium with silicate. Dur-
ing later silicate melting (2c¢; light grey is approximately 20% silicate melt), large accumulations of now lig-
uid Fe,Ni-rich metal (dark grey) rapidly segregate to form a protocore. 3 protocore formation by segregation
of metallic liquid(s) after low-degree silicate melting. Early-formed FeS-rich liquids melts cannot efficiently
segregate 3a. However, metallic melt fraction increases during prolonged heating, and once silicate melt-
ing is initiated, metallic liquids separate to form a protocore. 4 Extensive silicate melting (magma ocean/
magma mush model). Effective segregation of metallic liquid (dark droplets) only occurs after substantial
silicate melting. Immiscible metallic liquid(s) rapidly segregate from silicate melt (light grey)

ing liquids to below critical thresholds needed to form melt networks (Ghanbarzadeh
et al. 2017). However, the silicate portion of differentiating bodies also needs to deform
and displace to accommodate core-segregation, placing constraints on the effectiveness
of percolation (Scheinberg et al. 2015).

2. Fe,Ni-rich solid accumulation followed by later segregation during silicate melting
(Figs. 1, scenarios 2a to 2c¢). In this scenario (Tomkins et al. 2013, 2020) shock pro-
cesses drive FeS melting and localised melt migration, and the formation of enlarged,
S-depleted (solid) Fe,Ni accumulations which do not fully equilibrate with surround-
ing silicate. As planetesimals grow large enough to initiate silicate melting, these large
metal accumulations rapidly sink to form protocores, leaving sulfide and small metal
particles behind. This model is consistent with the S-depleted nature of magmatic irons,
and implies variable chemical disequilbrium. Variable degrees of chemical interaction
between Fe,Ni-rich and FeS-rich portions are possible, although the model does rely on
effective segregation of S-rich and S-poor components.

3. Metal percolation following partial silicate melting (Fig. 1, scenarios 3a to 3b). Although
small fraction silicate melting initially inhibits percolation of metallic melts, greater
degrees of silicate melting may promote effective segregation of core-forming liquids by
allowing rapid segregation of metallic liquids, and/or by aiding compaction and defor-
mation of the remaining solid silicate portion (Taylor and Norman 1990; Scheinberg
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et al. 2015 and references therein). Extraction of silicate melt also results in an effective
increase in the proportion of metallic phases above percolation thresholds, promoting
segregation (Neri et al. 2019). This general set of scenarios involves various periods of
chemical equilibration between solid silicate, liquid silicate, and core-forming liquids,
and may also include equilibration between Fe-rich liquid/solid and FeS-rich liquid.

4. Magma ocean/mush differentiation (Fig. 1, scenario 4). At higher temperatures, liquid
silicate-liquid metal immiscibility dominates segregation, via gravitational settling of
denser metallic melt droplets or larger accumulations of metal formed during inefficient
core formation. The silicate melt fraction required to allow this is poorly constrained and
may approach 50% (Taylor et al. 1993). Liquid metal/ liquid silicate partitioning governs
composition of the two reservoirs, with equilibration over a broad range of conditions
throughout planetesimal interiors (P-T— fO,). This contrasts magma ocean models for
larger planet-sized bodies such as the Earth, in which full metal liquid-silicate liquid
chemical equilibration occurs under conditions of the base of very deep, fully molten
magma oceans.

Scenarios could represent different bodies in the early solar system, with thermal mod-
els demonstrating that size, rate of accretion, composition, fO, and heliocentric distance
all have a significant effect on segregation processes within planetesimals (e.g. Elkins-
Tanton et al. 2011; Lichtenberg et al. 2019; Lichtenberg et al. 2021; Dodds et al. 2021).
They might also represent various stages in the thermal evolution of planetary bodies, with
scenarios 1, 3 and 4 occurring with increasing temperature, or represent processes occur-
ring in different regions of large, heterogeneous bodies. Using data from a range of experi-
mental studies, the effects of chemical exchange between different components within each
scenario can be explored.

6 Chemical Equilibria in Fe-rich Systems

Parent bodies of metallic meteorites are inferred to have low to intermediate S contents,
up to 19 wt%. In contrast, experimental studies of percolation typically involve observa-
tion of liquids close to FeS in composition, and partial melting experiments imply immis-
cibility of metallic portion into Fe-rich/S-poor and FeS-rich components. In this section,
data from experimental studies are used to explore partitioning of major and trace elements
between FeS-rich and Fe-rich phases, and to determine constraints on the composition of
core-forming liquids inferred in various models.

6.1 Major Element Composition of FeS-Rich and Fe-Rich Phases

Although there have been numerous studies of melt relations in chondritic systems only a
small proportion provide geochemical data on metallic phases. Figure 2 shows S contents
of FeS-rich phases, quenched from liquid, from experiments and eutectic melt composi-
tions in the Fe-S system. Partial melting experiments consistently demonstrate that immis-
cible FeS-rich liquid has S contents which significantly exceed those of eutectic melts in
simplified systems, are generally between 35 and 40 wt% S, and decrease slightly with
increasing pressure. Stoichiometrically, these FeS-rich liquids are close to ideal FeS in
composition. In contrast, coexisting Fe-rich solids/liquids have S contents below 2 wt%.
Also shown on Fig. 2 are FeS-rich experiments from higher temperature liquid sulfide/
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Fig.2 Composition of FeS-rich liquids in equilibrium with Fe-rich phase and silicate as a function of p
run temperature (A), run pressure (B), and fO, (C). Black/grey data points are from partial melting stud-
ies using chondritic starting compositions: unfilled squares: McCoy et al. (1999) for an enstatite chondrite
(EH4) bulk composition, ambient pressure and log fO, below IW — 4. Circles: Berthet et al. (2009), EH4
composition, 1 GPa, log fO,=IW-1.2 to IW-2.8 (unfilled circles) and fO,=IW — 4.2 to IW — 4.8 (grey
circles). Grey diamonds: Ford et al. (2008), H6 ordinary chondrite composition, ambient pressure, log
fO,=IW — 2.8 to IW — 5.8; higher S contents represent experiments in sealed silica tubes, minimising vola-
tile loss, at slightly more reducing conditions. Small grey squares: eutectic Fe-S melt compositions from
0-10 GPa in the Fe-S system from Usselman (1975). Filled black squares: sulfide melt compositions from
Corgne et al. (2008) who constrained core-melt immiscibility in a model chondrite + Fe + Ni+FeS system.
Red data points are from FeS-rich liquid/silicate liquid partitioning experiments. Filled red squares: Steen-
stra et al. (2020a), model reduced basalt+ sulfide system. Open red squares: Boujibar et al. (2019), 50:50
silicate/metal starting composition similar to EH4 enstatite chondrite but with reduced O content and sili-
cate/metal ratio. Open red circles: Malavergne et al. (2014), analogue Mercurian composition based on CI
silicate glass, FeS and Si metal. Filled red circles: Steenstra et al. (2020b), basaltic composition+Fe-S and
Fe-Si components. Open red diamonds: Boujibar et al. (2020), mixed silicate-Fe-FeS-Ni-Si/Fe,O; starting
compositions, with a silicate component ‘similar’ to CI carbonaceous and EH4 enstatite chondrite. Data
from Gaetani and Grove (1997) not shown, although their data indicate that reduction in sulfide S content
could continue to higher fO, (up to 2.5 log units above IW).

liquid silicate partitioning experiments. Bulk compositions for these studies are typically
based on enstatite chondrite compositions with an additional, substantive metallic/sulfide
component. Despite differences in bulk chemistry, data from these studies are consistent
with partial melting experiments in chondritic compositions. FeS-rich liquid S content and
S partitioning between FeS-rich and Fe-rich phases (Fig. 3) are not substantially modified
by increasing degrees of silicate melting or by melting of Fe-rich components, reinforc-
ing the fact that FeS-rich liquids in complex systems are consistently S-rich compared to
simple eutectic systems. S readily partitions into metallic liquids over silicate liquids under
conditions relevant to core segregation in planetesimals (Bercovici et al. 2022 and refer-
ences therein), so it is not expected that the onset of silicate melting has a major influence
on FeS-rich liquid S content. Lower S-content liquids in Fig. 2A. are mainly due to closure
of the metal-sulfide immiscibility gap towards higher pressures, as evident from Fig. 2B.
fO, appears to have only a moderate impact on FeS-rich liquid S concentrations across the
dataset, with higher S contents at very low fO,, likely related to a decrease in O solubility
in FeS-rich liquid under very reducing conditions, and possibly also due to increase in the
Fe:Ni ratio.

Derived FeS-rich/Fe-rich partition coefficients decrease with increasing temperature
(Fig. 3A), although this partly reflects higher temperatures used in higher pressure experi-
ments. In contrast, fO, has little discernible influence on S partitioning, which instead
appears to vary more as a function of bulk composition. Similarly there is no clear depend-
ence of Ni partitioning on anything other than bulk composition, with Fe-rich phases tend-
ing to be 5 to 10 times richer in Ni than FeS-rich liquids across all studies. Slight decreases
in FeS-rich liquid S content in Fig. 2C are likely due to the effect of fO, on FeS-rich liquid/
silicate melt partitioning. In an FeS-rich system at more oxidising conditions where Fe-
rich phases were absent, Gaetani and Grove (1997) noted that sulfide S contents decreased
at fO, several log units above the IW buffer, continuing the broad trend seen in Fig. 2C.
They also noted that fO,/fS, has some control on sulfide Fe:Ni ratios. Similarly, silicate
liquid/sulfide partitioning experiments show a control of fO, on sulfide compositions due
to sulfide-silicate exchange (e.g. Boujibar et al. 2020), as explored below.

It is evident that immiscibility between FeS-rich and Fe-rich phases remains up to 6-8
GPa, exceeding the range of conditions in large asteroids and planetesimals. Extensive
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Fig.3 Metal-sulfide partitioning of S (A. and B.) and Ni (C. and D.) as a function of temperature and fO, in
partial melting (grey/black) and partitioning (red) experiments. Same key as Fig. 2

immiscibility is also noted at very high temperatures where there is complete melting of
silicate (e.g. Malavergne et al. 2014; Boujibar et al. 2019, 2020; Steenstra et al. 2020a,
b). This is in accordance with Corgne et al. (2008), who demonstrated immiscibility of
metallic (S-poor, C-rich, O-poor) and sulfide (S-rich, C-poor, O-rich) liquids in a metal-
rich, C-saturated system up to 8 GPa. However, in chondritic compositions the S content
of FeS-rich liquid is generally higher at comparable pressures. Solubility of other metallic
elements into FeS-rich liquids may act to increase S weight fraction, with sulfide liquids
in partial melting experiments also containing appreciable Ti, Cr, and Mn and reduced Ni
(McCoy et al. 1997, 1999; Ford et al. 2008; Berthet et al. 2009). Although C and O con-
tents of FeS-rich and Fe-rich phases are not reported in many studies, available data can be
used to constrain minor element composition of core-forming melts in complex systems.
In order to allow comparison between data sets, reported FeS-rich and Fe-rich phase com-
positions were converted to molar proportions, and then moles of Fe assigned successively
to end-member compositions FeO, Fe,Si, Fe;C and FeS, based on moles of each anion,
with remaining Fe assigned to pure Fe. Within the system FeS-Fe-Fe;C, compositions are
in good agreement with Corgne et al. (2008), with the presence of a large miscibility gap
between FeS-rich and Fe-Fe;C-rich liquids which shrinks at higher pressures (Fig. 4A). C
contents were not determined in many studies, although as studies typically used graphite
capsules they are expected to be C-saturated, similar to Corgne et al. (2008). Data indicate
that Fe-rich phases are generally S-poor under lower pressure conditions of core formation
in planetesimals, but can readily incorporate C, in accordance with Zhang et al. (2018) who
reported C solubilities of 4—6 wt% in S-poor Fe-Ni-S liquid. FeS-rich liquids are gener-
ally close to FeS in composition. C solubility is markedly reduced in S-rich metallic lig-
uids (typically < 1 wt%, Zhang et al. 2018) although immiscible FeS-rich liquids can con-
tain several wt% C under very reducing conditions (Boujibar et al. 2020). Fe-rich liquids
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Fig.4 Composition of FeS-rich liquids (filled symbols) and Fe-rich solids/liquids (open symbols) from
experimental studies based on partial melting of chondritic compositions (squares) and silicate liquid-metal
liquid partitioning studies (circles). (A) Ternary plots which share the compositional join Fe-FeS. In (B) the
component Fe +Fe,Si+ Fe;C is used to readily separate metallic (FeS-poor) and sulfide (FeS-rich) compo-
nents. Blue squares: McCoy et al. (1999) (1 atm), green squares: Berthet et al. (2009) (1 GPa), red squares:
Ford et al. (2008) (1 atm), green circles: Boujibar et al. (2020) (1-8 GPa, with most experiments 3-3.5
GPa), blue circles: Boujibar et al. (2019) (1-5 GPa,mostly 1 GPa), black squares: Steenstra et al. (2020a) (1
GPa), red circles: Steenstra et al. (2020b) (1 GPa), and grey circles: Malavergne et al. (2014) (1 GPa). Yel-
low squares are sulfide compositions from olivine-sulfide percolation experiments of Terasaki et al. (2008).
Darker yellow squares are from experiments where low dihedral angles imply percolation of sulfide, and
lighter squares are from more reducing/higher pressure experiments where higher dihedral angles inhibit
percolation. Shaded region on the FeS-Fe-Fe;C ternary shows melt immiscibilities from Corgne et al.
(2008)

also readily incorporate Si, consistent with observations from the meteoritical record, for
example compositions of Fe-metal grains in enstatite chondrites and achondrites (Harris
and Bischoff, 2020). In contrast, FeS-rich liquids are Si-poor. From limited available data
(Fig. 4B) it is clear that FeS-rich liquids can incorporate significant O, in contrast to Fe-
rich liquids which tend to be very O poor. There is insufficient data to determine whether
the notable solubility of O in FeS-rich liquid is pressure dependent in chondritic systems,
although in their percolation experiments Terasaki et al. (2005; 2008) noted that the O
content of FeS-rich liquids in equilibrium with olivine decreases markedly with increas-
ing pressure, with high O contents requiring log fO, significantly exceeding the IW buffer.
Similarly, at much higher temperatures, Boujibar et al. (2020) noted that O contents of FeS-
rich liquid can be considerable, at least under relative oxidising conditions, again above the
IW buffer, and are controlled by FeO exchange between FeS-rich liquid and silicate melt.
They further noted that O solubility in FeS-rich liquid is enhanced by the presence of alka-
lis, as had previously been observed by Murthy et al. (2003) and Steenstra et al. (2018), but
that O solubility is reduced in Ni-rich systems, in accordance with the findings of Kiseeva
and Wood (2015).

To summarise, all systems are characterised by immiscibility between O-bearing, Si-
and C-poor FeS-rich liquid and Si-rich, C-rich, O-poor Fe-rich solids/liquids. The misci-
bility gap is reduced towards higher pressure and fO, plays an important role in terms of
phase chemistry. There is no evidence of closure of the immiscibility gap at high tempera-
tures. Other minor elements are also expected to be fractionated during separation of FeS-
rich and Fe-rich liquids, including P, which partitions readily into Fe-rich liquid (McCoy
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et al. 1999; Ford et al. 2008). C, S and O are important constituents in chondrites, and a
significant consequence of immiscibility is that light element composition of core-forming
liquids is strongly dependent on the mechanism for melt segregation. O, C and Si (+P)
content of core-forming liquids, as well as Fe/Ni ratio, may depend significantly on core-
segregation process and on the timing and conditions of FeS-rich/Fe-rich phase segrega-
tion. However, immiscibility will be a key feature in all models of core formation based on
chondritic compositions, including high temperature magma ocean models. Incorporation
of O into FeS-rich liquids can have a significant effect on lowering sulfide/silicate mineral
dihedral angles, increasing the likelihood of percolation of FeS-rich liquids.

6.2 Proportions of FeS-Rich and Fe-Rich Components in Chondritic Compositions

Some percolation models invoke segregation of FeS-rich liquid at the onset of melting, or
following substantial melting of the metallic component of planetesimals. The proportion
of FeS-rich liquid formed is an important control on whether interconnected melt networks
can form due to characteristically high dihedral angles. Aside from conditions of melting,
both bulk composition and immiscibility in Fe-rich systems will control volume propor-
tions of liquids formed. McCoy et al. (1999) reported proportions of FeS-rich liquid during
melting of EH4 enstatite chondrite compositions varying from 19 to 0% by volume (vol%),
from 1000 to 1500 °C at ambient pressure. Over this temperature range the proportion of
silicate melt increased, but proportion of Fe-rich liquid remained relatively constant. How-
ever, in higher temperature runs the authors noted significant pooling of metal at the edge
of sample volumes, and reported proportions must, therefore, be treated with caution. At 1
GPa for the same composition, Berthet et al. (2009) reported FeS-rich liquid proportions of
2.3 to 6.5 vol%, with no discernible influence of temperature. Similarly, Ford et al. (2008)
reported FeS-rich liquid proportions of 0.8 to 3.2 vol% during partial melting of an H-type
ordinary chondrite composition. Some S is also dissolved into silicate liquids depending on
run conditions, and thus the extent of silicate melting influences the proportion of sulfide at
higher temperatures. Berthet et al. (2009) also noted that S becomes increasingly lithophile
below log fO,~IW-3, with silicate melts dissolving several wt% S, in accordance with
subsequent studies by Wood and Kiseeva (2015) and Steenstra et al. (2020a). At high tem-
peratures, therefore, proportion of FeS-rich liquid also depends on fO,.

Proportions of FeS-rich liquid produced during complete melting of chondritic com-
positions can also be estimated based on chemical exchange between liquid silicate and
liquid metal components. For eight ordinary chondritic bulk compositions Bercovici et al.
(2022) calculated core compositions and volume fractions in fully molten planetesimals.
For their models they calculated fO, based on reported Fe and FeO proportions for each
composition, and then modelled core composition and size based on parameterisations
of S partitioning between Fe-rich and silicate liquids. Due to the limited effect of pres-
sure and temperature on S partitioning, they demonstrated that bulk composition, and by
consequence fO,, have a dominate influence on silicate-metal segregation. Bercovici et al.
(2022) modelled single phase Fe-Ni-S core compositions, assuming complete miscibility,
ranging from 9.4 to 35 wt% S. This correlates with fO, for each composition from log
fO,=IW—-1.4 to IW+2.8, i.e. more S-rich cores in more oxidised bodies, although the
authors noted that correlation is simply due to the control of bulk composition on fO,.
Calculated core size also varies significantly in this model. Building on the approach of
Bercovici et al. (2022), and assuming complete segregation of their modelled core com-
positions into troilite (FeS, zero pressure density of g/cm®) and taenite (7.5 wt% Ni, 94
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wt% Fe, density of 7.81 g/cm?®), their data imply variation in the calculated proportion of
FeS liquid in parent bodies of ~2 vol% to ~ 10 vol%. The lack of reported data on FeO in
enstatite chondrites, and the increase in solubility of S in silicate under very reducing con-
ditions, mean that no similar estimate of core composition, size and proportion of FeS can
be made for enstatite chondrite compositions (Bercovici et al. 2022). However, this range
of vol% of FeS is broadly consistent with estimations from partial melting experiments
in enstatite chondrite-based compositions, Fig. 5, and with phase proportions in an ordi-
nary chondrite composition reported by Ford et al. (2008). For a percolating FeS-rich melt,
the critical melt threshold required to ensure melt connectivity is estimated to range from
5 to 17 vol%. As such, in chondritic bulk compositions, percolation of FeS-rich liquid is
not expected unless (1) the critical threshold is dramatically reduced by deformation-aided
segregation (Berg et al. 2017), a mechanism presumably only applicable to larger bodies,
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Fig.5 Proportion of FeS-rich liquid reported in partial melting experiments in chondritic compositions as
a function of temperature (A) and fO, (B); same key as Fig. 2. B also shows (large green squares) FeS vol-
ume% in eight chondritic compositions calculated using data from Bercovici et al. (2022), assuming full
planetesimal melting (see text of details). Labels refer to chondritic bulk compositions
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and which may only be enabled following onset of silicate melting, (2) bodies are highly
reduced (log fO,=<IW—4), due to reduction of FeO in silicate and an increase in the pro-
portion of metallic liquid, (3) partitioning of O into sulfide melts is sufficient to lower dihe-
dral angles enough to facilitate percolation at low melt fractions (log fO,>IW +1.3) or (4)
migration of moderate fraction silicate melt results in an effective increase in proportion of
FeS-rich liquid. An increase in overall proportion of core-forming liquids due to presence
of both Fe-rich and FeS-rich liquids might also promote melt segregation, although there
is a lack of experimental data on percolation in systems with multiple Fe-rich liquids. Core
formation by percolation might otherwise be limited to more Fe-rich bodies, i.e. planetesi-
mals which accrete with a higher proportion of metallic components, due to higher inher-
ent volume proportions of core-forming liquids produced once bodies exceed the eutectic
temperatures.

6.3 Trace Element Partitioning Between FeS-rich and Fe-rich Phases

The onset of FeS-rich melting is well constrained in a range of compositions, although
there is less certainty regarding the temperature window over which S-poor, Fe-rich com-
ponents melt. FeS-rich liquids will be in equilibrium with a solid Fe-rich phase at low tem-
perature and a liquid Fe-rich phase at higher temperature. Any process of FeS-rich liquid
segregation results in variable ‘liquid FeS-solid Fe and ‘liquid FeS-liquid Fe’ element par-
titioning. The method of Chabot and Jones (2003), Chabot et al. (2017) allows estimation
of solid/liquid Fe-rich metal partition coefficients. This parameterisation is based on the
concept of ‘Fe domains’, with element partitioning into FeS-rich liquid controlled by inter-
action with Fe. The model accurately predicts partitioning of siderophile elements, and
is variably successful at predicting non-siderophile element behaviour (Chabot and Jones
2003). Development, and most applications of this model pertain to fractional crystallisa-
tion during slow cooling of parent bodies to metallic meteorites. The applicability of this
model to higher pressure conditions of core formation is limited by the ambient pressure
experimental data on which it is based, and the effect of other non-metallic elements such
as O on element partitioning. Importantly, the model is also not specifically designed to
investigate partitioning in S-rich systems.

Figure 6A shows molar solid (Fe-rich)/liquid (FeS-rich), i.e. metal/sulfide, partition
coefficients calculated from Fe-S liquid compositions reported in chondrite partial melt-
ing experiments. Only ranges in calculated partition coefficients are shown for clarity. For
several FeS-rich liquid compositions, modelled partition coefficients cannot be obtained
as high S contents imply the absence of Fe domains. Similarly, calculated partition coef-
ficients for some elements range to extreme values. As expected, low partition coefficients,
i.e. high concentrations in FeS-rich liquid, and low concentrations in Fe-rich solid, are cal-
culated for the chalcophile elements Cu, Zn, Ag, Pb and Bi. Low values are also noted
for V and Cr, which are variably lithophile and somewhat siderophile, although the model
predicts partitioning of other variably lithophile/siderophile elements P, Ga and Ge into
Fe-rich solid. The chalcophile elements Sn and Sb are predicted to have near-unity to mod-
erate partition coefficients, implying slight partitioning into Fe-rich solid over FeS-rich
liquid. Siderophile elements are predicted to variably, and sometimes extremely, partition
into Fe-rich solid. In Fig. 6B calculated coefficients are compared to coefficients calculated
directly using data from chondrite partial melting and sulfide-silicate partitioning stud-
ies. Partition coefficients for the latter are all Fe-rich liquid/FeS-rich liquid, and for the
former, vary from Fe-rich solid/FeS-rich liquid to Fe-rich liquid/FeS-rich liquid. Directly
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Fig.6 Molar Fe-rich/FeS-rich (i.e. metal/sulfide) partition coefficients for various elements in chondritic
systems. A Ranges in modelled coefficients after the method of Chabot et al. (2017) for FeS-rich liquid
compositions from experiments with a coexisting Fe-rich phase: McCoy et al. (1999) (blue), Berthet et al.
(2009) (red), and Ford et al. (2008) (black). Arrows indicate elements for which calculated values exceed
plot range. B Molar partition coefficients calculated directly using data from partial melting experiments
(black/grey) and partitioning experiments (red). Same key as Fig. 2, additionally with solid, black diamonds
from Borisov and Palme (1995). Grey boxes represent (truncated) ranges in calculated molar partition coef-
ficients from A. Black circles at bottom of figure denote typically chalcophile elements, and open circles,
highly siderophile elements. Arrows indicate the effect of highly reducing conditions (log fO,~IW—4)
which result in silicate reduction by FeS and formation of Ca-, Mg-, and Mn-bearing sulfides (Berthet et al.
2009)

determined partition coefficients are generally much closer to unity than modelled values
which (1) implies that the model cannot be applied to S-rich liquids for many elements, and
(2) makes it difficult to assess any effect of Fe-rich phase melting on element partitioning.
Chabot et al. (2017) noted that fits for their model for chalcophile elements are less robust
than other elements. For S-rich liquid compositions used here, over and underestimation of
chalcophile element partitioning is comparable to that for elements that are variable litho-
phile and only weakly chalcophile. In contrast, limited data for siderophile elements sug-
gests that the Chabot and Jones (2003), Chabot et al. (2017) model does provide useful
predictions.

As expected, experimental data similarly show that most chalcophile elements tend to
partition into FeS-rich liquid (Bi, Cd, Cu, In, Pb, Sb, Se, Te, Zn), although for some of
these elements coefficients are close to unity. Data also suggests partitioning of the chalco-
phile element TI into Fe-rich phases. Limited data for Ga and Ge also suggest partitioning
into the Fe-rich phase, although less than predicted, there is only limited partitioning of
V into the FeS-rich phase, Co can partition into either phase depending on composition
and conditions, and the extent of W partitioning into the Fe-rich phase is much lower than
predicted and very variable. However, data for the variably siderophile elements Au, Ir and
Pd from chondrite partial melting experiments are consistent with modelled behaviour. The
limited dataset shows no clear variation in partitioning of any element as a function of tem-
perature. Similarly, no discernible differences in element partitioning are noted between
partial melting and higher temperature partitioning data sets, and there is no clear con-
trol of fO, on behaviour of multi-valent elements. Instead, differences in bulk composition
within datasets appear to have a more significant effect on element partitioning. An excep-
tion to this is certain elements (Mg, Mn, Cr and Ca, possibly also Ti) which readily form
sulfides under very reducing conditions (fO,=IW—4) (Berthet et al. 2009).

To summarise, there is only limited data on element partitioning between FeS-rich and
Fe-rich phases. Light element composition of both phases is contrasting. However, many
trace/minor elements are either not strongly partitioned between FeS-rich and Fe-rich
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Fig. 7 Molar partition coefficients for Fe, Ni, Cr, and Mn for olivine and FeS-rich liquid (black), and oli- »
vine and Fe-rich liquid (red). Squares: olivine-silicate melt-sulfide partitioning experiments of Gaetani and
Grove (1997), in synthetic komatiite + sulfide and analogue olivine chondrule + sulfide systems at ambient
pressure; circles: 1 GPa partial melting experiments of Berthet et al. (2009); diamonds: ambient pressure
partial melting experiments of Ford et al. (2008). For Ni one data point is not shown, but its position indi-
cated with an arrow. High Ni contents in metal and sulfide in this low temperature experiment and anoma-
lous D value for Ni might indicate disequilibrium

phases, or partition coefficients are variable and probably dependent on numerous fac-
tors, including bulk composition. Fe-rich phases are likely enriched in highly siderophile
elements as expected, although there is very limited data to support this, and partitioning
of W is surprisingly variable. FeS-rich liquids are enriched in most chalcophile elements,
although the extent of partitioning is moderate and variable. Sulfide chemistry can vary
significantly under very reducing conditions due to silicate reduction, and presumably at
much more oxidising conditions (IW +2 or higher), Fe oxidation will eventually destabi-
lise a metallic component. The role of O, which is readily incorporated into sulfide liquids
under more oxidising conditions, is also likely to have a significant effect on element par-
titioning. Importantly, within constraints of the limited data set, there is no clear evidence
for a strong change in element partitioning at temperatures above/below the melting point
of the Fe-rich phase, or during progressive melting of silicate. Data does indicate that seg-
regation of FeS-rich and Fe-rich components can influence chalcophile/siderophile com-
positions. Limited data also suggest that U, and possibly Th, partition into FeS-rich liquid,
which may be important in terms of heat production in fully segregated bodies.

Finally, modelling based on FeS-rich liquid compositions in experimental studies indi-
cates a strong control of liquid composition on element partitioning, even for chalcophile
and siderophile elements. The extent of immisicibility and liquid compositions are strongly
pressure dependent. As such, conditions of segregation are predicted to have a strong con-
trol on trace element partitioning, and it might be possible to differentiate the effects of low
pressure sulfide/metal segregation in small bodies, from later segregation of FeS-rich and
Fe-rich liquids during unmixing in the cores of larger planetesimals, especially during sub-
sequent cooling and crystallisation.

7 Interaction of FeS-Rich and Fe-Rich Liquids with Crystalline
Non-Metallic Phases

7.1 Chemical Equilibrium Between Metallic Liquids and Crystalline Silicates/Oxides

Interaction between metallic liquids and solid silicate phases can be considered in terms
of Fe exchange via the redox reaction 2Fejq,q+0O,=2FeQgj;cye- Under more oxidis-
ing conditions this reaction is driven to the right, which increases Fe/(Fe+Mg) ratios
in silicates and modifies phase proportions. Progressive changes in silicate composition
with fO, are consistently shown in experimental studies. Berthet et al. (2009) noted FeO
contents of pyroxene from 6.3 to 11.52 wt% at reducing conditions (log fO,=IW-1.2
to IW-2.8), and 0.5 to 3.54 wt% at highly reducing experiments (log fO,=IW—-4.2 to
IW—4.8). In both sets of experiments, pyroxene and olivine FeO content also decreased
with increasing temperature, corresponding to a change in fO,, and increase in silicate
melt fraction. Figure 7 shows molar olivine/liquid partition coefficients for both Fe-rich
and FeS-rich liquids calculated from literature data. Expected decreases in Dy °livine/liauid
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4 Page22o0f39 G. D. Bromiley

with decreasing fO, are clear within datasets (e.g. Gaetani and Grove 1997), although scat-
ter in a broader dataset also demonstrates compositional controls on Fe partitioning. At
very low fO, olivine breaks down to form Ca-poor pyroxene-dominated assemblages, e.g.
Fe +FeSiO;+ 1/20,=Fe,Si0,. Again, stability depends on conditions and composition.
Berthet et al. (2009) noted that olivine breaks down to pyroxene and a free silica phase at
log fO, below IW-2 to IW-3 (at 1 GPa, in an EH4 chondritic bulk composition at 1 GPa,
with fO, controlled by choice of starting materials), while Ford et al. (2008) observed oli-
vine in their experiments down to 6 log units below IW (at ambient pressure in an H6 ordi-
nary chondrite composition, using both CO-CO, gas mixes and graphite-buffered sealed
silica tubes).

There have been numerous studies of Fe:Ni exchange between olivine and sulfide, typi-
cally expressed by the exchange reaction: Kp=(Xyis/Xreshiquia/ (Xnisi1202/Xresi1202)olivines
where X is mole fraction. Brenan (2003) determined the fO, dependence of this exchange
over a range of conditions, down to several log units above the IW buffer. Although they
observed the previously noted dependence of K, on temperature at more oxidising con-
ditions, they noted little dependence on temperature close to the IW buffer. This change
in Fe:Ni exchange behaviour close to the IW buffer implies that most studies of olivine-
sulfide exchange, conducted under more oxidising conditions, are not applicable to studies
of core formation in planetesimals. Extracted molar Dy;°"Viniauid coefficients for olivine
and Fe-rich or FeS-rich liquid from more reduced experiments (Fig. 7) verify that (1) Ni is
generally very incompatible in olivine, that (2) at more reducing conditions, DN, e is
further reduced, notably in the experiments of Gaetani and Grove (1997) but also, possibly,
in experiments of Ford et al. (2008). Ni is more incompatible in olivine than Fe, and com-
patibilities of Fe and Ni in orthopyroxene (Fig. 8) are similar. Interaction of core forming
liquids with solid silicate can, therefore, lead to modification of Fe:Ni ratios in liquids, and
also a reduction in Ni content of silicate phases, depending on fO, and temperature.

There are limited data on partitioning of many trace elements between olivine and core-
forming melts, partly because olivine is only able to accommodate a small range of ele-
ments. Gaetani and Grove (1997) noted that olivine-sulfide partition coefficients for Cu,
Cr and Mn all decrease towards lower fO, and the IW buffer. Cu is highly incompatible in
olivine, although Cr and Mn partition coefficients can exceed unity. Within a wider data set
(Fig. 7) there appears to be some control of fO, and temperature on D-Cr (olivine/FeS-rich

1000

10 olivine/FeS-rich liquid olivine/ spinel/ spinel/
Fe-rich phase 3 FeS-rich liquid I Fe-rich phase FeS-rich liquid I Fe-rich phase
lI I

1 Wﬂ [ S N Akl
{1 NI S S
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Fig.8 Molar mineral/melt partition coefficients for various elements between olivine, orthopyroxene and
spinel, and ether FeS-rich liquid (sulfide) or Fe-rich liquid (metallic), calculated using data from Gaetani
and Grove (1997) (olivine-sulfide system, open squares), and Cartier et al. (2014) (orthopyroxene-metallic
melt in an enstatite chondrite system, black circles), and from partial melting experiments of Berthet et al.
(2009) (open circles for unbuffered, reduced samples, and filled grey circles for highly reduced samples)
and Ford et al. (2008) (open diamonds for experiments performed in a free gas stream, and filled, grey
diamonds for experiments performed under slightly more reducing conditions in sealed silica tubes). For
clarity, only full ranges are shown
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liquid), with Cr more incompatible at lower temperatures and under more reducing condi-
tions. Limited data for Mn suggests that olivine/FeS-rich liquid partition coefficients scat-
ter about unity. Similar behaviour is noted for orthopyroxene/FeS-rich liquid and orthopy-
roxene/Fe-rich liquid partitioning (Fig. 8). Although considerable uncertainty remains
regarding formation of pallasites, chemical gradients in olivine rims record olivine/Fe-rich
metal interaction, allowing comparison with experimentally derived partition coefficients.
Donohue et al. (2018) note that olivine rims are variably depleted in Cr, Co and Ni, while
exhibit minimal gradients in Fe and Mn, broadly consistent with experimental partitioning
data from more reducing experiments (Fig. 8), although caution that samples likely record
the effect of complex histories of crystal/melt interaction.

For multivalent elements, fO, can have a considerable influence on silicate/FeS-rich
liquid and silicate/Fe-rich liquid exchange. Figure 9 shows approximate fO, ranges over
which important valence changes in metal-oxide systems occur. For example, oxidation of
Ni to NiO occurs mainly around 4 log units above the IW buffer, consistent with a decrease
in Dy°vine/liuid for FeS-rich liquids in many experimental studies. Likewise, changes in
Mo and Co valence close to the IW buffer are expected to control partitioning over core-
forming conditions. The proportion of Cr>*/Cr** can affect partitioning behaviour, and
below log fO,=IW—4, further reduction of Cr should reduce partition coefficients con-
siderably. For multivalent elements, progressive, small changes in average valence at fO,
several log units difference from major valence changes can result in progressive changes
in element partitioning, especially where different species have markedly different compat-
ibilities (e.g. Bromiley 2021). As such, progressive reduction in, for example, Cr partition
coefficients would be expected at less reducing conditions as well. Similarly, reduction of
Ti** to Ti** may result in increases or decreases in Ti partitioning, dependent on site chem-
istry. Complex changes in V average valence are also expected to affect V partitioning, and
progressive changes in V valence may result in changes in partitioning.

For most phases stable in solid, silicate portions of planetesimals there is little to no
data on element partitioning under core-forming conditions, which limits any deeper con-
sideration of the legacy of percolation processes. The dominant effect of equilibration/

Fig.9 Stability of selected spe- o
cies relative to the Fe-FeO (IW) | v

buffer, calculated at 1000° and | v | |
1500 °C using data from O’Neill

(1988), Agee (1993), O’Neill and

. Vv3* 1
Pownceby (1993a, b), Holzheid
and O"Neill (1995), Agee et al. Ti,0, ¢ |——co/co,
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Borisov (2013), Ma and Beckett MnOH Mn;0,
(2021) cojcoo
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reaction between core-forming melts and silicate matrices will be in controlling phase/
melt proportions, sulfide O content, and Fe:Ni exchange. Incompatible element concentra-
tions in olivine and orthopyroxene may also record evidence of reaction with Fe-rich and
FeS-rich liquids. Limited experimental data and simple consideration of valence changes,
for example, indicate that highly reducing conditions should result in pyroxene-dominated,
Fe-poor silicates. Mineral-melt partitioning data suggests that Cr and Mn will partitioning
into sulfide melts once the metallic component starts to melt, whilst Mo is preferentially
retained in metallic solid (Fig. 6). However, sulfide melt could be further modified by inter-
action the silicate matrix through which sulfides percolates depending on fO,. For exam-
ple, highly reducing conditions can enhance Cr and Ni partitioning into core-forming lig-
uids. It is also clear from Figs. 7 and 8 that there is a compositional control on partitioning
behaviour, and an effect of temperature. As such, dedicated studies of element partitioning
are required to characterise signatures of core formation via percolation through a silicate
matrix, including for phases such as clinopyroxene and feldspar which are important com-
ponents in chondritic systems.

At low silicate melt fractions, several minor phases may have a significant influence
on element redistribution during FeS-rich/Fe-rich liquid migration, including oxides and
phosphates. Presumably, stability of phosphates directly affects the P content of metallic
melts, which can be considerable. Spinel group minerals are also important as they can be
stable up to at least low degrees of silicate melting. Ford et al. (2008) noted that percolat-
ing Fe-rich liquids in their experiments sometimes reacted with chromite to form Mn-rich
sulfide. Additional sulfide liquid phases are noted in other experimental studies, although
this may in part be due to difficulties in attaining chemical equilibration across sample vol-
umes in small melt fraction experiments (e.g. Jurewicz et al. 1995; McCoy et al. 1999;
Ford et al. 2008). Berthet et al. (2009) and Jurewicz et al. (1993) noted complex, variable
FeS-rich liquid compositions in run products equilibrated at different temperature and fO,,
again consistent with local reaction between FeS-rich liquid and spinel/chromite. Spinel/
FeS-rich liquid/ and spinel/Fe-rich liquid partition coefficients extracted from available
experimental data are shown in Fig. 8. Spinel in many chondrite-based experimental run
products is dominantly chromite in composition, and D, *P"*/i9uid for both FeS-rich liquid
and Fe-rich liquid are typically around 10 Mn also strongly partitions into spinel. Once
again, fO, likely has an important control. It is noted (Jurewicz et al. 1991) that spinels in
run products are more Cr-rich at log fO, <IW, and more Al-rich under oxidising condi-
tions. The stability of spinel also depends on bulk composition and extent of silicate melt-
ing. At 1 GPa in an EH4 composition, Berthet et al. (2009) noted that spinel is not present
under highly reducing conditions, or following the onset of silicate melting. In contrast,
at ambient pressure in an H6 composition, Ford et al. (2008) noted the presence of minor
chromite up to 10% silicate melting, evidence of chromite-sulfide element exchange, and
progressive changes in chromite composition. Jurewicz et al. (1993) noted that in CV and
CM compositions at ambient pressure, spinel is only stable at low silicate melt fractions at
fO, below the IW buffer, but under more oxidising conditions above IW, is volumetrically
more important and stable to higher temperatures/melt fractions. Jurewicz et al. (1993)
also observed that spinel is an important host for Cr and Ti. For some bodies, therefore,
the presence of spinel up to low-degree silicate melting could influence composition of
core forming melts, especially Cr, Mn (Fig. 8) and Ti, with element exchange likely to
be strongly dependent on fO,. Notably, spinel/chromite is present in some pallasites, with
variable Fe/Mg/Ti/Al/Cr/Mn contents which may reflect equilibrium or partial disequilib-
rium exchange between olivine, spinel and silicate or metallic liquids, in addition to com-
positional changes during cooling (Boesenberg et al. 2012). In partial melting experiments,

@ Springer



The Geochemical Legacy of Low-Temperature, Percolation-Driven... Page250f39 4

spinel is rapidly consumed at higher temperatures/melt fractions, implying a change in
sulfide/metallic liquid composition. In such systems, the presence of silicate melt will have
a further complicating influence on composition of core-forming melts. As noted below,
Cr tends to partition into FeS-rich liquid over silicate liquid, and thus the retention of Cr
in the silicate portion of differentiating planetesimals might be dependent on the stability
of spinel, with Cr readily partitioning into S-bearing liquids at higher melt fractions once
spinel is no longer stable.

7.2 Kinetic Controls on the Interaction of Core-Forming Liquids with Crystalline
Phases

The extent of reaction between percolating core-forming melts and the solid matrix through
which they migrate will depend on the kinetics of exchange between melt and solid phases.
This can be readily assessed using simple diffusion modelling based on available data,
assuming that flux of species in solid phases is the limiting factor for melt/solid chemical
exchange. This is reasonable in a system where (1) percolating melt forms small chan-
nels or thin sheets, typically <0.1 mm, in a matrix with >mm sized crystals, and (2) melt
migration velocities exceed element diffusivities. Here, the extent of any kinetic control on
matrix/liquid exchange is assessed using model scenarios, which are in part based on avail-
able data.

Details on the modelling approach used are outlined in supplementary material, and
results are shown in Fig. S1. Using published diffusivity data, 3 scenarios are investigated:
(1) Cr** flux in olivine, (2) Fe-Mg exchange in olivine, and (3) Cr** and Fe-Mg exchange
in spinel. Diffusion models for scenario (1) imply that under most conditions, diffusion of
trace elements in olivine, even less mobile trivalent cations, has a limited control on chemi-
cal exchange between olivine and core-forming liquids. For conditions of core-formation,
Cr** flux is rapid, with diffusion fronts extending several mm into olivine crystals over
10° to 10° timescales of core-formation. At the lowest temperatures, i.e. at the onset of
FeS-melting, Cr** flux is more limited, and as models likely provide an upper estimate for
the extent of Cr’" flux, diffusion within olivine may partially limit olivine/FeS-rich lig-
uid chemical exchange. However, Cr** diffusivity is strongly temperature-dependent, and
under most conditions, mm-sized olivine will rapidly re-equilibrate with core-forming
liquids.

Scenario (2) tests the extent to which Fe mobility within olivine can constrain interac-
tion between olivine and core-forming liquids. Fe-Mg exchange in olivine is considerably
faster, and models imply full re-equilibration under all conditions and timescales for plan-
etesimal core formation. In scenario (3), kinetic controls due to interaction with spinel are
assessed. Cr** diffusion in spinel is sluggish, and at the lowest temperatures of core seg-
regation, i.e. close to the Fe,Ni-FeS eutectic temperature, diffusion effectively minimises
the extent of spinel-liquid exchange. However, Cr*" diffusivity in spinel is also strongly
temperature dependent, and in models where core segregation is initiated by melting of
the silicate portion of planetesimals, rapid diffusion in spinel enables fast matrix-liquid re-
equilibration well within timescales for core-formation. Fe diffusion in spinel is consider-
ably faster, and rapid re-equilibration with core-forming liquids would be expected under
all conditions.

Initial assessment of kinetic controls suggests, therefore, only a limited effect of dif-
fusion in crystalline phases on chemical interaction between core-forming melts and sili-
cate matrices. In models were core-segregation starts as soon as sulfide liquids are formed,
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diffusion of some species may partially mask signatures of matrix/core-forming liquid
interaction. This effect may be limited to accessory minerals such as spinel, although as
noted, these phases have a greater influence on core-forming liquid chemistry. At higher
temperatures no such kinetic control is expected, and rapid re-equilibration between matri-
ces and percolating liquids is expected. This implies no kinetic control in models where
onset of silicate melting initiates core segregation. The stability of many accessory phases
within the silicate portion of planetesimals is also limited at higher temperatures, again
minimising any kinetic control.

8 Chemical Equilibria Between Core-Forming Liquids and Silicate melt

In models where segregation of core-forming liquids is only effective after the onset of sili-
cate melting, composition of FeS-rich and Fe-rich liquids will additionally be influenced
by chemical exchange with silicate liquid. There have been numerous studies of silicate lig-
uid/FeS-rich liquid and silicate liquid/Fe-rich liquid element partitioning, and partitioning
of many elements as a function of variables such as pressure, temperature, fO, and com-
position has been parameterised. However, studies are typically conducted in fully molten
systems relevant to segregation in magma oceans. In chondritic systems undergoing small
to moderate degrees of melting, silicate melt compositions can differ significantly. Before
testing model applicability, it is first necessary to compare compositions of low degree sili-
cate melts in chondritic compositions to silicate liquid compositions used in most partition-
ing studies.

8.1 Compositions of Low-Fraction Silicate Melts in Chondritic Systems

Compositions of low fraction silicate melts in various bulk compositions are shown in
Fig. 10. A systematic decrease in SiO, content with increasing melt fraction is evident from
the recent dataset of Collinet and Grove (2020b) who demonstrate that low fraction melts
in chondritic bulk compositions are broadly andesitic/dacitic and alkali-rich. A detailed
comparison of melt compositions in experimental studies with bulk compositions of vari-
ous achondrites is given in Collinet and Grove (2020a, b). Alkali contents are highly varia-
ble across the broader dataset of experimental silicate melt compositions shown in Fig. 10,
partly due to varying melt fractions, but possibly also due to alkali loss from experimental
charges. As expected, bulk composition also has a strong influence on melt chemistry.

Here, the applicabilities of three models of silicate/FeS-rich liquid element partitioning
to systems with low degree partial melts are explored. Models are based on lower pressure
partitioning data in S-bearing systems, and thus more relevant to core-formation in small
bodies. The Steenstra et al. (2020a) model is based on a large experimental dataset and
builds on previous parameterisations of element partitioning. The model allows calcula-
tion of sulfide/silicate partition coefficients for a large number of elements as a function of
temperature, fO,, FeO content of both sulfide and silicate liquids, and silicate S content.
Steenstra et al. (2022) is an extension of this work to include highly siderophile elements
(HSE). The model of Boujibar et al. (2019) provides another useful extension to the Steen-
stra et al. (2020a) model, especially for alkali elements, as it uses a similar parametrisation
and is based on partitioning data in slightly different bulk compositions.

Compositions of silicate liquids used in the models of Steenstra et al. (2020a, 2022) and
Boujibar et al. (2019) are also shown in Fig. 10. The SiO, content of silicate liquids is
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Fig. 10 Silicate glass compositions from datasets used in the partitioning models of Steenstra et al. (2020a)
(open, black circles) and Boujibar et al. (2019) (open, red circles), compared to compositions from Berthet
et al. (2009) (E4 chondrite composition at 1 GPa, log fO,~IW-5 to IW-1, filled black squares), Usui et al.
(2015) (H chondrite at ambient pressure, log fO,~IW-1 to IW +2, filled grey squares), Lunning et al.
(2017) (chondrite at ambient pressure, log fO,~IW to IW + 1, filled blue squares), and Gaetani and Grove
(1997) (olivine/silicate liquid/sulfide liquid partitioning in a simplified chondritic system at ambient pres-
sure, log O, >IW, filled yellow squares). Filled blue circles are silicate glass compositions from low degree
partial melt experiments of Collinet and Grove (2020b) at 0.1-13 MPa, log fO,~IW-2.5 to IW +0.8 for a
range of chondritic compositions (from darker to lighter blue: CV, CM, LL, H, CI).

an important control on element partitioning due to its effect on polymerisation and melt
structure (e.g. Bromiley 2021). The range of silicate liquid SiO, contents from the dataset
used by Steenstra et al. (2020a) is large and mostly overlaps compositions of partial silicate
melts in chondritic systems, although these can extend to more SiO,-rich compositions.
In an extensive study of low degree partial melting in a range on bulk compositions Col-
linet and Grove (2020b) noted that low-degree partial melts in chondritic systems are typi-
cally SiO,- and alkali-rich. By comparison, silicate liquids in the dataset used by Steenstra
et al. (2020a) are Na,O- and K,O-poor, and CaO-rich. The presence of alkali elements
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can modify melt structure as they behave as network modifying cations, possibly enhanc-
ing incorporation of various species into silicate melts, and can also increase O content of
sulfide liquids (Murthy et al. 2003; Steenstra et al. 2018), both of which could influence
element partitioning. However, the range of FeO contents in silicate liquids in the Steenstra
et al. (2020a) dataset, an important variable in modelling element partitioning, is large and
overlaps that of most low degree melts in various chondritic compositions in the Collinet
and Grove (2020b) study. In contrast, the range of silicate melt SiO, contents in the Bou-
jibar et al. (2019) dataset is limited, although melts are comparatively alkali-rich. Once
again, however, there are some notable differences between melt compositions used for
modelling partitioning data and compositions of chondritic partial melts. FeO contents in
the Boujibar et al. (2019) dataset are, for example, comparatively low, although do match
those in a small subset of partial melting experiments. As such, the models of Steenstra
et al. (2020a, 2022) and Boujibar et al. (2019) might be broadly applicable to partially
molten chondritic systems, although differences in melt composition and structure could
limit their application, especially at very low melt fractions.

8.2 Sulfide-Silicate Melt Partitioning

Figure 11 shows sulfide/silicate partition coefficients calculated using parametrisations
of Steenstra et al. (2020a, 2022) and Boujibar et al. (2019), based on compositional data
from chondrite partial melting studies, and where available, partition coefficients deter-
mined directly from compositions of run products. There are currently several limitations
in applying partitioning models such as these to systems with low degree partial melts:
(1) Only a few studies report compositions of FeS-rich liquid demonstrably in equilibrium
with low fraction silicate melt in chondritic compositions. In part this is due to difficul-
ties in attaining equilibrium, and determining melt compositions in, systems which have
undergone small amounts of melting. (2) Studies also do not report FeS-rich liquid O con-
tents, even though sulfide liquids readily incorporate O at higher fO,. Here, O contents of
sulfides in the experimental dataset are estimated based on element totals, which intro-
duces a significant error as low totals are assumed to be due only to O incorporation. (3)
Models of Steenstra et al. (2020a); Boujibar et al. (2019) do not account for changes in
oxidation state of multivalent elements, although Steenstra et al. (2022) do provide parti-
tioning models for different oxidation states for selected HSE. As the dataset used in these
studies is largely from experiments performed under very reducing conditions, this implies
limited applicability to segregation processes in more oxidised planetesimals. However, as
discussed below, comparison of modelled partition coefficients and those determined from
partial melting experiments, and the range of modelled partition coefficients with varia-
tions on silicate and sulfide FeO content, is instructive in reviewing variations in element
behaviour as a function of liquid compositions and fO,.

Only limited data is available to directly test modelled partition coefficients. Both
Steenstra and Boujibar models reasonably reproduce FeS-rich liquid/silicate liquid par-
tition coefficients overall (Fig. 11A), although this is in part due to variations in liquid
compositions in experimental studies at varying melt fractions and fO,, which result in
large ranges in modelled partition coefficients, in some cases over 6 orders of magnitude.
As expected, chalcophile elements are predicted to partition into FeS-rich liquid. Also
as expected, the strongly siderophile elements Pd, Ag, Re, Ir, Pt and Au, modelled after
Steenstra et al. (2022), partition strongly into FeS-rich liquid, although choice of oxidation
state is important. HSE partitioning into FeS liquid is consistent with sulfide compositions
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Fig. 11 A. FeS-rich liquid/silicate liquid partition coefficients, by weight. Small squares are modelled coef-
ficients after the parameterisations of Steenstra et al. (2020a) and Steenstra et al. (2022) based on data from
Berthet et al. (2009) (black squares) and McCoy et al. (1999) (red squares). Arrows at top of plot mark
where calculated coefficients exceed range of figure. Red circles are modelled coefficients after the param-
eterisation of Boujibar et al. (2020), using data from Berthet et al. (2009). Larger data points are directly
determined coefficients: blue circles: Gaetani and Grove (1997), coexisting olivine, silicate melt and sulfide
melt under more oxidising conditions (fO,>IW); green diamonds: Boujibar et al. (2019), experiments in
an analogue Mercurian system under highly reducing conditions. Element valences are after Steenstra et al.
(2020a) and not be strictly applicable to all data shown. Circles at the bottom of the figure signify chal-
cophile elements (black), highly siderophile elements (dark grey) moderately siderophile elements (open),
slightly siderophile elements (black and white) and moderately/strongly lithophile elements (light grey cir-
cles). B. Subset of modelled coefficients based on Berthet et al. (2009) which highlight compositional con-
trols. Black arrows show trends in calculated partition coefficients across a subset of experiments where
temperature increases from 1500 to 1700 °C and log fO, changes from IW-1.2 to IW-2.8. Over this tem-
perature range silicate melting increases from 40 to 100%, and FeO content of silicate melt decreases from
~ 16 to 2.6 wt% due to a change in fO,. Blue arrows are from a subset of more reducing experiments, log
fO, ~IW—4.3, where temperature increases from 1400 to 1700 °C, corresponding to an increase in silicate
melting from 17 to 100%, while silicate melt FeO is constant at ~7 + 1 wt%

in, and variable bulk HSE depletion from, achondrite meteorites (Dhaliwal et al. 2017; Day
et al. 2019). The Steenstra et al. (2020a) model includes several moderately siderophile ele-
ments (Co, Ni, Mo, Sb etc.) which again strongly partition into S-rich liquid, although oth-
ers (P, Ga, Mn) show a more variable behaviour, and may partition into silicate. Silicate/
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sulfide bulk partition coefficients calculated from a range of highly-reduced, enstatite-rich
meteorites similarly show that both P and Ga are variably slightly chalcophile to lithophile
(Wilbur et al. 2022). Presumably, at low S contents for metallic liquids, siderophile ele-
ment partition coefficients will be higher. Partitioning between silicate and Fe-rich (i.e. low
S) liquids is not directly modelled here due to limitations in the data set, which make it dif-
ficult to estimate low O contents in Fe-rich liquid data reported in the literature.

Elements such as Mg, Al, and the REE are commonly assumed to remain strongly
lithophile under all conditions of core formation (e.g. Brennan et al. 2020; Faure et al.
2021). The REE and highly incompatible elements such as Zr will also readily partition
into silicate melts but not into solid silicates which dominate chondritic systems, such as
olivine and orthopyroxene. As such, these elements may be useful indicators of silicate
melting prior to segregation of core-forming liquids. However, as noted by Steenstra et al.
(2020a), higher sulfide O contents mean that some lithophile elements such as Ca, Rb and
Li behave in an increasingly chalcophile manner. This is consistent with previous observa-
tions by Murthy et al. (2003) for K. Similarly, sulfide/silicate partition coefficients calcu-
lated from highly reduced (log fO,=IW-2 to -6) enstatite-rich meteorites imply that both
Ca and Na vary from strongly lithophile to chalcophile, in contrast to Mg which is always
very strongly lithophile. Other elements considered moderately lithophile are predicted,
and sometimes directly observed, to partition into either sulfide or silicate (Nb, Ta, U, Th)
(Wohlers and Wood, 2017; Steenstra et al. 2020a). As such, direct experimental data is
required to groundtruth and refine models of silicate/FeS-rich liquid element partitioning
and to accurate predict the effect of silicate melting on core compositions.

Some multivalent elements highlight limitations in the applicability of models to more
oxidising planetesimals. Data from Gaetani and Grove (1997) indicate much stronger par-
titioning of V into silicate melt under more oxidising conditions than predicted by the
Steenstra et al. (2020a) model, likely due to higher proportions of V*+ at log fO,>IW. In
contrast, data from Gaetani and Grove (1997) also indicate that the extent of Co partition-
ing into FeS-rich liquid is slightly lower at more oxidising conditions. Co is more metallic
in nature below the IW buffer due to the equilibrium Co+ 1/20,=Co0O (Fig. 9), consist-
ent with higher proportions of Co in FeS-rich liquids at more reducing conditions. How-
ever, in this instance modelled partitioning coefficients for Co from Steenstra et al. (2020a)
are broadly consistent with experimental data. Comparison of partitioning data from the
more oxidising experiments of Gaetani and Grove (1997) with Boujibar et al. (2019) indi-
cates higher proportions of Cr in FeS-rich liquid under very reducing conditions, possibly
due to a change in proportions of Cr** (the dominant oxidation state at fO,>>IW in the
Gaetani and Grove 1997, dataset) and Cr** (which dominates under much more reducing
conditions). Sulfides in highly reduced enstatite-rich meteorites and other achondrites are
similarly Cr-rich, consistent with a variably chalcophile behaviour (Wilbur et al. 2022;
Goodrich et al. 2017). Conversely, calculated Cr?* partition coefficients using the Steenstra
et al. (2020a) model imply preferential incorporation of Cr into silicate melt, suggesting
that Cr partitioning is also strongly dependent on the O content of FeS-rich liquids, which
possibly has a more significant effect than valence changes, and on silicate FeO and S con-
tent. For other multivalent elements where significant changes in oxidation state are not
noted close to the IW buffer (Ni, Cu, Ti, Mn) (Fig. 8), and/or where multiple oxidation
states of species are readily incorporated into silicate liquids (Stokes et al. 2019), modelled
and experimentally determined partition coefficients tend to be in close agreement. Cr, Mn
and Ti are also interesting to note here as experimental data suggest that they more favour-
ably partition into S-bearing melts over silicate melt. However, they may be retained within
spinel within silicate portions of bodies (e.g. Stokes et al. 2018). Given that spinel is stable
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only at low silicate melt fractions, this suggests that further characterisation of element
partitioning could be used to identify contrasting signatures of core formation before, and
after substantial silicate melting.

Figure 11B shows general trends in modelled partition coefficients for subsets of data
from Berthet et al. (2009). Black arrows correspond to a set of less reducing experiments
over which there is a decrease in fO, as well as large increase in temperature and melt frac-
tion. For each element partition coefficients vary from ~ 1 to 2+ orders of magnitude. The
main driver for this variation is FeO content of silicate melt, which Berthet et al. (2009)
note correlates with fO,, but will also vary as a function of bulk FeO content and FeO
activity. Blue arrows indicate trends in modelled partition coefficients from a subset of
experiments in Berthet et al. (2009) where fO, is substantially lower, but constant around
log fO,=IW—4.3, and where temperature increases markedly, corresponding to low frac-
tion to complete melting of silicate. There is some variation in silicate melt S content
across the dataset, but little variation in melt FeO content. As a consequence, there are
small variations in partition coefficients for some elements over this temperature range,
although for many elements there is minimal scatter about average values. Comparison of
the datasets again emphasises the dominant effect of fO, and concomitant changes in FeO
content of silicate melt and O content of sulfide, on modelled partition coefficients. How-
ever, exploration of input parameters within models suggest that S content of the metallic/
sulfide liquid phase has a much weaker control on element partitioning.

9 Discussion

A proportion of planetesimals accreted soon enough after formation of first solids in the
solar system, and grew rapidly enough, to retain sufficient heat to partially melt and segre-
gate into metal-rich cores and silicate-rich mantle/crusts. Various lines of evidence suggest
that when core formation did occur it was a rapid process, complete within a few Myr.
Core formation may have been reliant on substantial silicate melting and formation of a
‘crystal mush’. Higher temperatures required for large fraction silicate melting significantly
constrains the proportion and size of bodies which could have segregated. Alternatively,
various lower temperature models of core formation have been proposed which invoke sep-
aration of liquid metal from solid silicate, or from a silicate portion which had undergone
low-degree melting. A larger proportion of planetesimals would have retained sufficient
heat to undergo low degree silicate melting, and especially to undergo melting of a metallic
component only. Substantial differences in temperature between melting of metallic com-
ponents and large-degree silicate melting, especially at higher pressures and under more
reducing conditions, also raises the possibility that percolation-driven protocore formation
made a substantial contribution to segregation in bodies which later underwent large-scale
silicate melting. Low temperature core formation could have important implications for the
compositions of metallic and silicic portions of differentiated bodies, and ultimately the
compositions of planets to which planetesimals accreted. Furthermore, any lower tempera-
ture segregation process would also influence thermal history of differentiating bodies.
Experimental evidence for the viability and efficiency of percolation-driven core forma-
tion is mixed, as are estimates of metallic melt migration velocities. In the small fraction of
more oxidised planetesimals, i.e. fO, significantly exceeding that of the IW buffer, perco-
lation of O-rich, FeS-rich liquids could have contributed to core formation at the onset of
metallic melting. However, in other bodies core-forming liquids would only have formed
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interconnected melt networks at volume fractions which likely exceed those expected
based on compositions of undifferentiated meteorites. This implies that low-temperature
core-formation would be limited in less oxidised bodies to those which had inherently high
metal fractions, or those which had undergone small to moderate degree silicate melting.
It is possible that deformation promoted segregation of non-wetting metallic liquids, either
in terms of shock processes or large-scale planetesimal deformation, although again, the
viability of these processes remains unclear. Segregation of low fraction silicate melts can
increase proportion of metallic liquids, although larger melt fractions are required to drive
substantive changes in metallic liquid proportions. Hotter, partially molten bodies may
allow more ready silicate deformation and operation of processes such as deformation-
aided metallic liquid segregation. Onset of silicate melting and reduction of the viscosity
of silicate matrices may also be required to allow large-scale metallic liquid segregation,
which is only locally redistributed via percolation at lower temperatures.

Key constraints on the viability of percolation models are (1) initial formation of melt
networks, (2) efficiency of large-scale metallic liquid migration, which also relies of defor-
mation of the silicate portion, and (3) timescales for melt migration. Once formed, and as
long as deformation of silicate portions was able to accommodate significant melt migra-
tion, percolation is likely effective in draining metallic liquid to much lower fractions than
required to initiate network formation. However, processes in the latter stages of segre-
gation, and segregation velocities, remain unclear. Scaling issues also make it difficult to
extrapolate from laboratory measurements of percolation processes.

A key feature of low-temperature percolation models is that they imply variable extents
of segregation and reaction between FeS-rich liquids, Fe-rich liquids and solids, crystal-
line phases in silicate portions, and low- to moderate-fraction silicate melts. This contrasts
‘magma ocean’ or ‘magma mush’ models where full equilibrium between metallic liquid
and silicate liquid can be assumed. Data from a range of experimental studies demonstrates
that conditions of early planetesimal interiors, assuming chondritic compositions not
extensively modified by degassing, are always characterised by immiscibility of FeS-rich
liquid and Fe-rich (i.e. S-poor) solids and liquids. FeS-rich components initially represent
the first liquids formed during melting, are close to FeS in composition, and can incor-
porate significant O under more oxidising conditions. Under highly reducing conditions
(log fO, at around IW—4) they may also incorporate nominally lithophile elements such as
Mg, Mn and Ca. Melting of Fe-rich components is not well constrained. Fe-rich liquids, in
comparison to FeS-rich liquids, are O-poor but can readily incorporate minor components
such as C, Si and P. FeS-rich and Fe-rich liquid compositions are dependent on fO, and
bulk composition. Pressure results in closure of the miscibility gap, although light element
composition of liquids remains poorly constrained, as does the dependence of composition
on temperature and fO,. Light element composition of both, in turn, has a significant effect
on element partitioning between metallic liquids and other phases.

Magmatic iron meteorites evidence segregation, and at least localised accumulation, of
‘core-forming’ liquids within parent bodies. Modelled S contents of parent bodies range
from 1 to 19 wt% S (Hilton et al. 2022). In contrast, immiscible Fe-rich liquids across
multiple systems have S contents ranging up to 2 wt% at low pressure, and FeS-rich lig-
uids have S contents of roughly 30 wt% S or higher. Experimental data suggests that the
immiscibility gap between FeS-rich and Fe-rich liquids in chondritic compositions is only
significantly closed at high pressure, although the exact role of carbon in promoting immis-
cibility in experimental studies remains unclear. Modelled magmatic iron parent body S
contents appear consistent with segregation of Fe-rich liquids for a subset of S-poor mete-
orites. However, S contents of 2—19 wt% imply a parental liquid which can only be formed
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in chondritic compositions, at least on available data, at pressures of around 5 GPa (Corgne
et al. 2008). This is comparable to pressures formed at the centre of Earth’s Moon, and
greatly exceeds maximum attainable pressure in planetesimals.

There are various explanations for this ‘S discrepancy’. S could have been variably
lost from planetesimals or meteorite parent bodies by degassing, especially magmatic
iron parent bodies which had protracted histories and may have degassed extensively as
liquid iron bodies in space (e.g. Steenstra et al. 2023; Grewal and Asimow 2023). The
miscibility gap in metallic systems demonstrates that no degree of S loss is sufficient to
explain intermediate S contents in modelled parental liquids at low pressure (Fig. 4),
although extensive degassing and loss of C from magmatic iron parent bodies (Grewal
and Asimow 2023) may have been an important factor in reducing the extent of immis-
cibility. Parental bodies could have formed via segregation and accumulation of both
FeS-rich and Fe-rich liquids which were subsequently mixed. However, these liquids
should have remained immiscible, so it is unclear how a mixture of both could be a sin-
gle phase parent to magmatic iron meteorites. Alternatively, the assumption that immis-
cible FeS-rich and Fe-rich liquids were in equilibrium may be incorrect. Tomkins et al.
(2013) proposed a shock-impact driven mechanism for non-equilibrium segregation of
metallic components within planetesimals which could result in localised accumulation,
and then protocore formation, of intermediate S-content liquids. However, latter stages
of core segregation in such models would still result in immiscibility of Fe-rich and
FeS-rich liquids, which have marked differences in density.

It is also possible that approaches used to model parental bodies to magmatic irons
require refinement, as solutions to modelled parent body compositions are non-unique.
Modelling approaches used parameterised solid/liquid partition coefficients (Chabot
et al. 2017; Chabot and Jones 2003). In S-rich systems, these models overestimate parti-
tion coefficients compared to those obtained from direct experimental studies (Fig. 6).
However, models do successfully reproduce, at least based on limited available data,
HSE partitioning during chondrite-melting, and it is perhaps unlikely that FeS-rich lig-
uids could be parental to Fe-rich meteorites. Experimental data does, however, highlight
a key role of light elements in metallic liquid immiscibility. The O content of FeS-lig-
uids, for example, can be considerable (Fig. 6), is fO, dependent, and likely influences
partitioning of other elements. Whether the presence of light elements, fO, or pressure
could significantly alter HSE partitioning, is, however, unclear.

Immiscibility between FeS-rich and Fe-rich liquids is noted during large fraction
silicate melting, implying that it is important regardless of mechanism for core forma-
tion. However, conditions under which separation of FeS-rich and Fe-rich components
occurred will influence light element composition. FeS-rich liquids are Ni-poor and
variably O-bearing dependent on fO,. Under very reducing conditions, substantial Ti,
Mg, Mn and Ca will also be incorporated into FeS-rich liquids. Fe-rich liquids are 5
to 10 times more Ni rich in chondritic bulk compositions (Fig. 3C), O-poor but vari-
ably C-rich and Si-rich (Fig. 4). Some low-temperature core formation models imply
segregation of FeS-rich and Fe-rich liquids throughout planetesimal interiors. At lower
pressure, immiscibility of liquids is greatest (Corgne et al. 2008). Alternatively, magma
ocean models might imply segregation of, and/or chemical equilibration between, Fe-
rich and FeS-rich liquids under higher pressure conditions of planetesimal cores where
the miscibility gap between compositions is smaller. As such, light element composi-
tions of cores may be sensitive, and could record, conditions of segregation. For most
trace elements there is only very limited data on partitioning between Fe-rich phases
and FeS-rich liquid in chondritic systems. As expected, chalcophile elements should
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partition into FeS-rich liquids, and siderophile elements into Fe-rich liquids. Variation
in derived partition coefficients demonstrates that bulk composition has a considerable
influence on element partitioning, which may in part reflect changes in light element
content of both liquids. fO, also has a clear influence on partitioning of a number of
multivalent elements (Fig. 6).

Percolation of core-forming liquids also implies reaction between FeS-rich and Fe-rich
liquids and solid phases within silicate portions of differentiating bodies. There is unlikely
to be a significant kinetic control on the extent of reaction between solid phases and perco-
lating metallic liquids, especially if low degree silicate melting is required to initiate sig-
nificant segregation. The most significant effect of exchange is in terms of Fe/FeO redox
and Fe partitioning between liquids and phase such as olivine and orthopyroxene, which
are depleted in Fe under more reducing conditions. This modifies metallic compositions
in terms of S contents and Fe:Ni ratios. Fe:Ni ratios in phases such as olivine will also be
modified. There is, again, limited data on element partitioning. Key differences in incom-
patible lithophile element partitioning are expected for subsolidus and supersolidus silicate
melting. The influence of minor phases stable up to low to moderate degrees of silicate
melting may be considerable. Breakdown of phosphates at low degrees of silicate melting
will result in marked increases in metallic P content. Stability of spinel results in retention
of Cr and Mn in the silicate portion of differentiating bodies, dependent upon fO,. Behav-
iour of P here is notable as magmatic irons typically contain P contents of 0.01-2 wt%
(Scott 2020), and modelled parent bodies (Hilton et al. 2022) 0.1-3 wt%. High P contents
are consistent with at least low-degree silicate melting during differentiation. However,
partitioning of P between Fe-rich and FeS-rich liquids during segregation is less clear.
Although somewhat chalcophile in nature, data from some experimental studies (Fig. 6)
suggests that P can partition into either phase. In contrast, Chabot and Drake (2000) dem-
onstrated that in simple metallic systems P is preferentially incorporated in immiscible Fe-
rich liquid over FeS-rich liquid, and comparison to the similarly moderately compatible As
also indicates that P should also partition into Fe-rich phases (Fig. 6). As such, P contents
of core-forming liquids are also dependent on equilibrium between metallic components.

Low degree silicate melts in chondritic systems are SiO,-rich and alkali-rich (Collinet
and Grove 2020b). Silicate melting should result in marked changes in trace element parti-
tioning. Existing models based on parameterisation of silicate-sulfide partition coefficients
provide reasonable estimates, and also demonstrate that partition coefficients for many ele-
ments vary most significantly with fO, concomitant with marked changes in silicate FeO
content, FeO activity and, therefore, the O content of sulfide liquid. This appears to over-
ride the effects of changing silicate melt composition as a function of temperature and melt
fraction. Changing silicate melt fraction, which drives small changes in S content, instead
appears to result in only small changes in modelled element partitioning. An important
caveat here is that the effect of temperature and extent of silicate melting on the FeO con-
tent of metal/sulfide liquids remains poorly constrained. Variations in sulfide O content
will drive changes in element partitioning, although probably to a much lesser degree
than large changes in silicate melt FeO. Both factors are, however, to an extent correlated.
Changes in element oxidation state may limit application of models of silicate/sulfide par-
titioning, although the influence of fO, and element valence on partitioning can be usefully
assessed. For example, as demonstrated by Kiseeva and Wood (2013, 2015), elemental par-
tition coefficients between sulfide and silicate liquids depend on element valence (N), with
an ideal behaviour yielding a slope of N/2 for most elements. This implies that partitioning
of high valence elements (W, Mo) should be much more dependent on silicate composi-
tion compared to low valence elements such as Ni and Co, at least under more reducing
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conditions. However, as also demonstrated by Kiseeva and Wood (2013, 2015), low or high
O concentrations in sulfide melt result in ‘non-ideal’ behaviour for some elements, and
other discrepancies between modelled and experimentally determined element partition-
ing can be considered in terms of valence changes over a range of fO,. Parameterisations
for alkali elements are less reliable in chondritic systems, likely due to marked differences
in silicate melt compositions. Overall, fO, has a dominant influence on variations on ele-
ment partitioning, both by controlling Fe redox and FeO partitioning, but also in terms of
behaviour of a number of multivalent elements. Partitioning under more oxidised systems
(fO,>1IW) for many elements is less well constrained. Future studies are required to con-
strain compositions of silicate, FeS-rich and Fe-rich liquids, and to test and refine portion-
ing models for realistic low fraction silicate melt compositions.

Modelled FeS-rich liquid/silicate liquid partition coefficients based on experimental data
from low degree partial melt experiments show expected trends in chalcophile and sidero-
phile enrichment into FeS-rich liquids and lithophile element retention in silicate melts.
For some elements there are marked changes in behaviour which highlight the importance
of changes in silicate and sulfide liquid chemistry. For example, modelled P FeS-rich lig-
uid/silicate liquid partition coefficients vary over 6 orders of magnitude, driven by changes
in silicate FeO content. This is in accordance with Kiseeva and Wood (2013, 2015), as
the dominant 5+ valence of P implies a value N/2=2.5, and thus a strong dependence of
partitioning on silicate melt FeO content. As such, the nominally siderophile, P strongly
partitions into silicate melt at log fO, close to the IW buffer, as verified from limited exper-
imental data, but partitions into FeS-rich liquids under very reducing conditions (below log
fO,=IW—4). Coupled changes in liquid composition and fO, may mask variations in ele-
ment partitioning with increasing temperature and increasing melt fraction, and also drive
important changes in element behaviour. The scale and influence of variations in FeS-rich
liquid FeO content is poorly constrained. Extension of partitioning models to more oxidis-
ing conditions, and to a greater range of melt compositions, might allow signatures of low
vs. high fraction silicate melting to be distinguished. As noted, behaviour of incompatible
lithophile elements such as Zr and the rare-Earths (REE) may allow the effects of Fe-liquid
segregation before and after the onset of silicate melting to be ascertained. For other ele-
ments, complexity of melt processes in meteorite parent bodies and a lack of experimental
data limit this at present. For example, some nominally lithophile elements become more
chalcophile at either high or very low sulfide FeO contents. For example, Mg, Ca, Li, Rb
and Cs partitioning is increased both at very low silicate FeO and very high silicate FeO
contents, driven by changes in O content of sulfide melt and S content of silicate melt
(Fig. 11 and Steenstra et al. 2020a). For other elements, the effects of increasing S in sili-
cate melt at very low FeO content of silicate melt is more significant than the positive O
effect at very high FeO content of silicate melt or vice versa. As such, given complexi-
ties in elemental behaviour, it remains possible that trace element concentrations in core-
forming liquids do not readily evidence differences due to segregation during low degree
silicate melting vs. high degree melting and formation of a magma mush.

There are several areas of uncertainty regarding the geochemical consequences of dif-
ferent mechanisms for core-formation which require redress. (1) One key uncertainty is
light element (C, O, Si, P) composition of immiscible FeS-rich and Fe-rich liquids. fO,
has a strong control on Fe redox, on silicate FeO content, on Fe/Ni/S contents of metallic
liquids and on FeS-rich liquid O content. Highly reducing conditions also result in several
additional elements such as Mg and Mn readily incorporating into FeS-rich liquid. FeS-
rich and Fe-rich liquids are immiscible and have contrasting light element compositions.
Increasing pressure reduces the extent of immiscibility, but 2 liquids remain stable under
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all conditions of core formation in planetesimals, unless compositions are substantially
modified by degassing and volatile loss. Constraining compositions of liquids over variable
pressure/temperature/ fO, would be instructive in refining models for core formation. Light
element composition of liquids in turn has a significant influence on partitioning of other
elements. (2) Melt relations for Fe-rich (S-poor) components remain poorly constrained in
many systems. Melting of Fe-rich components appears to occur prior to significant silicate
melting, even at very low pressures, although this remains to be determined. (3) Current
parameterisations of metallic solid/liquid trace element partitioning are not designed to
predict S-rich systems, or partitioning following Fe-rich melting, and likely overestimate
the extent of element partitioning. fO, probably has a significant role in trace element par-
titioning, as does minor element composition. In theory, rigorous partitioning data could
provide valuable insight into separation of metallic phases during planetesimal evolution,
including during conditions and mechanisms for core formation and later processes such
as immiscibility within protocores. This data might also be useful in more fully exploring
later crystallisation of parent bodies to magmatic iron meteorites. (4) Minor phase stability
could have a strong influence on composition of core-forming liquids, and may provide a
ready means for determining whether onset of silicate melting is required to initiate large-
scale segregation. However, due to small melt and phase fractions in chondritic systems,
there is limited data on phase stability and evolution of FeS-rich and Fe-rich liquid com-
positions before and after the onset of silicate melting. Finally, although models for FeS-
rich liquid/silicate liquid partitioning provide reasonable predictions (5) the key role of fO,
in terms of phase/melt relations and element partitioning, and element partitioning in low
melt-fraction systems, needs to be better constrained. This would facilitate identification of
key signatures of segregation following low fraction silicate melting (percolation-driven)
vs. segregation following large degree silicate melting (magma ocean/mush model).

Preliminary data analysis does, however, highlight numerous ways in which signa-
tures of planetesimal differentiation depend on segregation processes. Planetesimal dif-
ferentiation is important in understanding not just the evolution of small bodies, but
also the composition of terrestrial planets to which they accreted. More widely, explo-
ration of low temperature models of metal segregation provides insight into planetary
processes in extrasolar systems. In our solar system, thermal models suggest that break-
down of the short-lived radioisotope Al*® provided sufficient heat to promote melting
in smaller bodies. However, Al concentration is probably a consequence of the super-
novae processes which promoted initial gravitational collapse of material which would
form our solar system. In the absence of sufficient concentrations of this radioisotope,
solar system differentiation and planetary evolution may have been very different, with
large-scale segregation confined to much larger bodies which could more efficiently
retain heat from energetic impacts. As a consequence, understanding conditions under
which core formation can occur, and constraints of large-scale differentiation, is insight-
ful in exploring planetary evolution beyond our solar system.
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